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ABSTRACT 
The Papuan Ultramafic Belt (PUB) ophiolite comprises former oceanic crust and upper mantle 
that was emplaced onto continental crust in Papua New Guinea (PNG) in a zone of convergence between the 
Pacific and Australian plates. The metamorphic sole beneath the ophiolite is best exposed in the Musa-Kumusi 
divide and comprises a 40 to 300 m thick body of greenschists, amphibolites, granulites, and gabbroic rocks 
which are separated from the overlying ophiolite by a Transition Zone of banded ultramafic rocks. Sampling 
and thin section examinations of the metamorphic rocks have established a sequence from greenschist and 
albite + epidote amphibolite facies through amphibolite to hornblende granulite and hornblende + olivine 
granulites close to the ultramafic contact. There is also a strong compositional contrast within these 
metamorphic facies, expressed by Mg# of olivine and co-existing phases, and by decreasing silica and alkalis. 
The compositional gradient within the metamorphic sole is irregular in that layering conformable with the 
attitude of the metamorphic foliation provides 'scatter' in bulk compositions and variability in mineral phase 
proportions. Similarly, there is a compositional gradient within the ultramafic sheet in which extremely 
refractory harzburgites distant from the metamorphic sole contact, become more variable in mineralogy and 
relatively enriched in Fe/Mg, Al/Cr and with low but significant Ca, Al, Na, Ti contents proximal to the 
contact. The strongly banded rocks in the Transition Zone have an appearance approaching dunite or 
harzburgite mylonite. These are interlayered with lherzolite and pyroxenites with minor saussuritized 
plagioclase and/or pargasitic hornblende. The brown hornblende amphibolites of the metamorphic sole 
recrystallized at approximately 4 kbars, 800°C, whereas the granulites recrystallised at -3 kbars, 900-1000°C. 
The gabbros, Transition Zone rocks and the harzburgite the above the metamorphic sole show a cooling 
history from higher temperature to approximately 1000°C. 
Major and trace element compositions indicate that the amphibolites, granulites, and gabbros are 
LREE-enriched within plate tholeiitic basalts (WPB) that are similar or transitional to the mafic rocks of the 
Emo Metamorphics. The observed rocks were subject to a complex sequence of chemical modifications that 
occurred both prior to and during the metamorphism related to emplacement of PUB ophiolite. Trace element 
compositions and trace element partial melting models suggest that the bulk of the granulites within the sole 
were formed by up to 10% melt extraction, and the more depleted granulites and gabbros are residues formed 
by up to 50% melting. Melt extraction alone cannot explain the high MgO, Cr, and Ni bulk compositions of 
the mafic granulites and gabbros. The range of major element compositions observed within the metamorphic 
sole can be accounted for by a simple variant of the melt-residue model, whereby a range of starting 
compositions produced from probable mechanical mixtures of typical sole metabasites and PUB harzburgite 
compositions, is subject to partial melting and melt extraction. 
v 
Geochronological studies on the metamorphic sole, using amphiboles from the granulites and 
amphibolites, yield measured K-Ar ages, average 40 Ar-39 Ar direct total fusion ages, and plateau ages. Five of 
the six 40Ar-39Ar plateau ages, derived from age spectra, lie between 58.6 ± 0.2 and 57.8 ± 0.2 Ma with an 
overall mean age of 58.3 ± 0.4 Ma. The large spread in measured K-Ar and 40 Ar-39 Ar total fusion ages is 
thought to be caused by the presence of variable amounts of excess argon. The mean plateau age for five 
samples of 58.3 ± 0.4 Ma is interpreted to mark the time of cooling of the metamorphic sole following peak 
metamorphism. It is suggested that the development of the metamorphic sole and emplacement of the PUB 
ophiolite onto the PNG crust occurred in a relatively short time interval in the Paleocene. The age of the 
metamorphic sole formation coincides with the age of eruption of Dabi Volcanics and associated boninitic 
lavas at 58.9 ± 1.1 Ma (Walker and McDougall, 1982). The age relations suggest that sole formation and 
eruption of the Cape Vogel boninites were associated with emplacement of the PUB ophiolite wedge and its 
interaction with the protolith of the Emo Metamorphics in a subduction zone environment. 
Melts and fluids from slab metamorphism and melting migrated into the wedge environment causing 
melting and possible genesis of boninitic liquids. The composition of the melt derived from the Emo 
Metabasite slab in the basalt/eclogite melting experiment at 1050°C, 2.0 GPa is that of a rhyodacite. This 
melting scenario was explored at 2.0 GP a establishing a large temperature interval (at least 850-1100°C) over 
which the rhyodacite/siliceous melt co-exists with gar + cpx + rutile + plagioclase (to around 1050°C). The 
residue is mafic to ultrabasic in composition, enriched in CaO, MgO, FeO and Ti02, and strongly depleted in 
K20 and Si02 and depleted in Na20 and Alz03. At lower pressures and high temperatures, this bulk 
composition would crystallise to olivine + clinopyroxene + hypersthene + plagioclase + ilmenite if it is 
anhydrous, or to a hornblende-rich composition in the presence of 1-2% H20. Loss of a rhyodacitic melt 
fraction from the chosen 'Emo Metamorphics' composition produces an olivine-normative and silica-depleted 
composition that matches the hornblende granulites/hornblende gabbros at the base of the ophiolite. However, 
the Mg# of these residues, at -50 % melting, is too low in comparison with values of - 70-80 in the high grade 
rocks near the ultramafic contact. The model tested was for extraction of 25% of rhyodacite melt. Higher 
degrees of melting (probably in several stages) would be required to produce residues as Mg-rich as Mg#75. 
However, initial melts eliminate quartz/coesite, potassic phases and most of the Na-component originally in 
pyroxenes or plagioclase. The residue is refractory in terms of solidus temperature and further melting is 
difficult without fluxing by 'water-rich fluids. 
In the fluxed-melting study of refractory mantle wedge, the olivine-control lines through the Maaloe 
and Aoki peridotite composition show that liquids with harzburgite residues match the plotting position of 
high-Ca, low-Ca Types I and II and some Type III boninites, which on this basis, may be derived from this 
peridotite. Projection from '01' shows that high-Ca and Type III low-Ca boninites lie above the harzburgite 
residue control line. The ratios between Na, Ca and Al of the rhyodacite flux superimposed on the melt 
products, and suggests that high-Ca boninites and Type III boninites could be derived from refractory 
lherzolites by H20-fluid fluxing alone, with little need for addition of any major and minor element by the 
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fluxing components. The experimental techniques applied in this study can also be utilised in the study of sole formation 
and related processes in other similar ophiolites throughout the world, particularly those with associated boninitic lavas. 
The Emo Metamorphics Derived Model (and its variant the Retrogressed Eclogite Model) discussed in 
Chapter 8, suggests that the metamorphic sole formed when the protolith of the Emo Metamorphics and base of the 
PUB ophiolite came into contact at a subduction zone or at deeper parts of the Owen Stanley Fault. Water, fluids and 
melts moved into the actively deforming contact zone, and ssociated secondary faulting, thinning and stacking of protolith 
of the Emo Metamorphics and ophiolitic rocks formed the metamorphic sole and Transition Zone rocks. The 
mineralogical banding textures observed within the metamorphic sole and Transition Zone represent complex 
individual recrystallisation events during ophiolite emplacement. Further work on process of mechanical mixing 
and re-equilibration of the mixtures to form a different bulk composition needs to be done to better understand the 
complex process of metamorphic sole formation. 
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Chapter I: Introduction 
CHAPTER 1: INTRODUCTION 
1.1 Introduction 
The Papuan Ultrarnafic Belt (PUB) ophiolite in southeastern Papua New Guinea trends 
northwest and southeast between the co-ordinates 147°E, 7°S and 150°E, 10°S (Figure 1.1). 
Ophiolitic rocks also occur at April, Mt. Turu, and Marum (Fig. 1.1 ). The Marum and PUB 
ophiolite comprise thick sequences of basaltic pillow lavas, gabbro and layered ultramafic and 
mafic cumulates overlying tectonite peridotite. Both dip from the continental margin towards 
accreted Paleogene island-arcs and appear to represent frontal-arc basement (Jaques, 1980). A 
metamorphic sole of amphibolite and granulite facies metabasites underlies the PUB ophiolite. 
1.2 Principal Research Aim 
The aim of this study is to investigate the metamorphic sole beneath the PUB ophiolite 
in the Musa-Kumusi divide (Figure 1.1 ). The metamorphic sole is thought to represent the 
interface between subducting oceanic lithosphere and the overlying mantle wedge. The study of 
the metamorphic sole can provide insight into ophiolite emplacement processes at convergent 
margins. The study involved detailed field mapping, mineralogical, geochemical, and 
geochronological studies on field samples; and experimental studies. This study aimed to 
characterise the rocks of the metamorphic sole, establish the origin of these rocks and pressure 
and temperature conditions under which they are formed, and to answer the question of the age 
of emplacement of the PUB ophiolite through K-Ar and 40 Ar-39 Ar analyses. The experimental 
study sought to evaluate the possibility of melting in subducted oceanic crust, and of movement 
of melt across the subduction interface to trigger melting in the mantle wedge region above the 
subduction zone. 
1.3 Thesis Presentation 
The results of the study are presented in eight chapters as follows. Chapter 2 is an 
overview of current ideas on emplacement of ophiolites, particularly those with an amphibolite 
to granulite facies metamorphic sole, and provides a discussion on metamorphism of basaltic 
rocks at granulite and arnphibolite facies. Chapter 3 presents the detailed geology of the Musa-
Kumusi divide, including field description of the three preserved interfaces between the 
overlying ophiolite and the metamorphic sole and information on the contact relationships, 
textural features, and mineralogy. Chapter 4 presents information on the petrography and 
mineral chemistry of the field samples, and uses the mineral chemistry to estimate the pressure 
and temperature conditions prevailing during formation of the metamorphic sole, and to 
document the main metamorphic reactions. Chapter 5 presents the major and trace element 
geochemistry of the mafic amphibolite and granulite facies rock samples collected from the 
metamorphic sole, the overlying ultramafics, and the Erno Metamorphics, assesses the genetic 
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assemblages within the metamorphic rocks. Chapter 6 presents results of K-Ar and 40 Ar-39 Ar 
geochronological studies carried out on mafic amphibolite and granulite facies rock samples 
from the metamorphic sole as an indication of the age of emplacement of the ophiolite. Chapter 
7 presents experimental results on partial melting at peak metamorphic P-T conditions of basalts 
in subduction zones, and the generation of rhyodacitic melts and reaction of such melts with the 
overlying mantle wedge peridotites. Chapter 8 reviews all the results and present likely models 
on the formation of the PUB ophiolite metamorphic sole and the implications for the geological 



















Figure 1.1.Simplified geology of Papua New Guinea showing the occurrence of ophiolites, and location 
of the Musa-Kumusi divide, where a metamorphic sole is exposed beneath the Papuan Ultramafic Belt 
(PUB) ophiolite. 
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CHAPTER2: METAMORPHIC SOLES BENEATH OPHIOLITES 
2.1 Introduction 
Metamorphic soles underlie many ophiolites, and are generally believed to have formed 
during abduction of hot oceanic lithosphere (Williams and Smyth, 1973; Dewey, 1976; Searle 
and Malpas, 1980; Ghent and Stout, 1981; Spray, 1984; Jamieson, 1986; Lytwyn and Casey, 
J 995; Dimo-Lahitte, 200 I). Characteristics of metamorphic soles include: (I) an inverted 
metamorphic gradient, varying from granulite facies down through amphibolite and greenschist 
facies (see Jamieson, 1986, for review); (2) peridotite above the sole shows high-temperature 
(>700°C) mylonitic deformation (e.g., Nicolas and Le Pichon, 1980; Boudier et al, 1982); and 
(3) the ophiolites and their metamorphic soles are thrust over continental margin sequences 
(e.g., Moores, 1982). 
The metamorphic soles are thought to record the transfer of heat into the footwall/or 
subducted slab from the hanging wall/or mantle wedge rocks of the upper ophiolitic plate during 
emplacement of the ophiolite (e.g., Hacker, 1991 ). The metamorphic and kinematic history 
recorded in the high temperature metamorphic sole provides the key to understanding ophiolite 
emplacement. Examples of ophiolites with metamorphic soles include: Semail ophiolite of 
Oman, Newfoundland ophiolite, Troodos ophiolite, Josephine ophiolite, Pozanti-Karsanti 
ophiolite in Turkey and the Albanian ophiolites. 
Results of studies into emplacement mechanisms of ophiolites in the framework of plate 
tectonics (e.g., Dewey and Bird, 1971; Coleman, 1971; Dewey, 1976; Smith and Woodcock, 
1976; Parrot and Whitechurch, 1978; Gealey, 1980; Moores, 1982) have been inconclusive. 
This is due to the fact that there are a number of possible models of ophiolite emplacement, 
reflecting the large variety of plate configurations in the vicinity of a subduction environment 
and their conceivable evolutions (Dewey, 1976). Overall, the emplacement of ophiolite has been 
interpreted using ridge subduction-ridge abduction, continent-arc collision, and transpressional 
(oblique convergence) models. Moores (1982) discussed two end-member emplacement 
mechanisms for the Tethyan (Figure 2.1 a) and Cordilleran ophiolites (Figure 2.1 b). He 
suggested that Tethyan ophiolites are emplaced when a nappe, 10-15 km thick, is detached in a 
compressive setting and thrust over the adjacent oceanic crust (Figure 2.1 a). The detached slab 
represents either a limb of an oceanic spreading centre that is forced over the opposite limb or 
sub oceanic crust, and onto the continental margin; or an intraoceanic arc that was thrust over 
subducting oceanic lithosphere and onto the continental margin. 
The behaviour of a thrust or detachment surface during ophiolite abduction is critical in 
understanding the emplacement mechanism and associated accretion of material at the base of 
an ophiolite. The continuous thrusting and subsequent emplacement allow transfer of heat from 
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the hot mantle rocks of the ophiolite down to the basalts and sediments of the underlying 
oceanic crust forming the HT metamorphic aureoles grading from granulite to amphibolite to 
greenschists beneath 
a) 
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Figure 2.1. Schemes of mechanisms of ophiolite emplacement. (a) Successive stages of emplacement of 
Tethyan ophiolites. (b) Cordilleran ophiolites with possible derivation from either the subducting plate or 
the overlying plate (after Moores, 1982). Tethyan ophiolites (e.g., Nicolas, 1989). Blueschists and 
eclogites mostly derived from the subducting plate are accreted into active plate margins by uplift in the 
rear of the accretionary wedges of active continental margins or faulting (Fig.2.1 b ). 
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2.2 Features of the metamorphic sole 
2.2.1 Thickness and orientation 
The metamorphic sole is typically 100-500 m thick and lies parallel to the base of the 
ophiolite (see Fig. 2.2). The greenschists, amphibolites and hornblende granulite zones within 
the sole also have varying thickness for different ophiolites. The metamorphic sole of the 
Semail ophiolite comprises a greenschist zone of unknown thickness, an amphibolite zone 90 m 
thick, and a hornblende granulite zone less than 40 m thick (Ghent and Stout, 1981 ). The 
metamorphic sole of the Newfoundland ophiolite (Williams and Smyth, 1973) comprises a 
greenschist zone 180 m thick, an amphibolite zone 90 m thick, and a hornblende granulite zone 
30 m thick. 
In the Semail ophiolite the contact between the metamorphic sole and the ophiolite is 
faulted and dips towards the ophiolite contact ( e.g, Fig. 2.2). Also, the boundary between the 
metamorphic sole hornblende granulite attached to the ophiolite, and the greenschist and 
underlying continental rocks is faulted. In the Semail (or Oman ) ophiolite, the high-rank 
amphibolite sole of mafic composition appears to grade downward into metachert and 
metashales; but, poly phase deformation typical of the high-rank amphibolite is not present in the 
underlying low-rank metasediments (Ghent and Stout, 1981 ). Similarly low angle faults may 
separate the high-rank and low-rank rocks of the metamorphic sole of the Newfoundland 
ophiolite (Williams and Smyth, 1973). 
In some cases, the metamorphic rocks beneath the ophiolite include high pressure rock 
units in which the metamorphic grade increases from pumpellyite-lawsonite schists to 
glaucophane schists (e.g., Davies, 1971 ). 
2.2.2 Protolith 
The protolith of the metamorphic sole can be difficult to establish since in most 
instances the tectonic transport of the ophiolite with its welded-on basal metamorphic sole is 
now resting on unmetamorphosed rock or a melange. In Oman the metamorphic sole is derived 
from mafic basalts, cherts and shales (Ghent and Stout, 1981 ). Williams and Smyth ( 1973) 
suggest that the metamorphic sole in Newfoundland was derived from fragmental mafic 
volcanic rocks formed along the continental margin. 
2.2.3 Petrography and texture 
Three distinct mafic lithological subdivisions or metamorphic zonations are common in 
the metamorphic sole. They include chlorite-albite-epidote-muscovite-tremolite-actinolite 
greenschists, green hornblende-plagioclase or quartz-biotite-garnet-plagioclase-diopside green 
hornblende amphibolites, and brown hornblende-plagioclase-augite high grade amphibolites and 
hornblende granulites. The amphibolites are thoroughly recrystallized metamorphic tectonites, 
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Figure 2.2. Geological map of Semail ophiolite nappe in Oman. A metamorphic sole of greenschsit, 
amphibolite, and hornblende granulite occurs on the northwestern side (from Ghent and Stout, 1981). 
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Figure 2.3. Simplified geological map of the metamorphic sole beneath the Newfoundland Ophiolite in 
the eastern Table Mountain showing deformation structures (from Suhr and Cawood, 1993). 
usually without relict phases or igneous textures (Ghent and Stout, 1981) and commonly show 
compositional layering of amphibole- and plagioclase-rich layers. The hornblende in the 
metamorphic aureole exhibits decreasing intensity of pleochroism from deep reddish brown 
near the ophiolite contact to pale greens at the greenschist amphibolite boundary, accompanied 
by decrease in anorthite content of the associated plagioclase (Tuke, 1968). 
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2.2.4 Obduction-related structures 
Mapping of shearing- and accretion-dominated structures along the strike of 
metamorphic soles combined with other geological constraints has provided a basis for 
reconstruction of obduction history (e.g, Suhr and Cawood, 1993) shows that above the accreted 
metamorphic sole of the Newfoundland ophiolite mapped in the eastern Table Mountain, 
textures in the highly stressed and deformed upper mantle harzburgites are detachment-related, 
and harzburgites with low stress deformation are spreading-related. Deformed bands of 
ultramafic rock known as 'ultramylonites' are also located immediately above the 
metamorphic sole (Fig. 2.3) and represent the transition zone between the metamorphic sole and 
the harzburgite of the ophiolite. In the ultramylonites the detachment related fabric has been 
folded/reoriented by mylonitic shear zones that have orientations parallel to the metamorphic 
soles. Due to overprinting, the mineral-stretching lineations (as seen in Fig.2.3) have more 
variable orientations. Data from Girardeau and Nicolas (1981) suggest exclusively northward 
movement of the hanging wall in the basal peridotite from the Table Mountain. 
2.2.5 Metamorphic temperature and pressure estimates 
The mafic amphibolites in the metamorphic sole of the Oman ophiolite re-equilibrated 
at 500-800°C and 5 kbar, and the associated greenschists at 200-500°C and 6 kbar (Ghent and 
Stout, 1981; Searle and Mal pas, 1982; Searle, 1990). In the metamorphic sole of the St. 
Anthony Complex in Newfoundland, metagabbro and two pyroxene amphibolites equilibrated 
at 850-900°Cand 7-10 kbar, marbles and epidote amphibolites at 550-680 °C and 5 kbar, and the 
greenschists at >300°C and 3 kbar. In the metamorphic soles of the Newfoundland ophiolite at 
Table Mountain, peak metamorphic conditions were 750-850 °C at 7- l l kbar (Jamieson, 1980) 
and at 650-850°Cat Blow Me Down massif (Savic, 1988). Granulites in the metamorphic soles 
of the Albanian ophiolites re-equilibrated at 800-860°C and 9-12 kbar, upper amphibolites at 
600-750°C and 6-9 kbar, and amphibolite facies at 500-700°C and 4-6 kbar (Dimo-Lahitte, 
2001 ). Figure 2.4 shows temperature and pressure variations from top to bottom for granulite 
and amphibolite facies in the metamorphic soles of the Albanian ophiolites (Dimo-Lahitte, 
2001). 
Temperatures of derformation in the basal peridotites above the metamorphic sole have 
been determined for various ophiolites. In the Oman ophiolite basal harzburgites deformed at 
temperatures of 900-1000°C (Jamieson, 1981; Boudier et al, 1988). In the Newfoundland 
ophiolite Suhr (1991) estimated a temperature of 900-1000 °C. The base of Josephine ophiolite 
deformed at 350 °C (Harper et al, 1996). In the St. Anthony Complex in Newfoundland 
deformation occurred at temperatures of 900-950°C (Jamieson, 1986). 
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2.3 Age of emplacement 
Each ophiolite complex has two ages, one the age for crystallisation of the igneous 
rocks of the ophiolite, including the gabbro and basalt, and one the age of emplacement of the 
ophiolite. The age of crystallisation of the ophiolite can be determined by radiometric analysis 
of minerals in the igneous rocks, and the age of emplacement by radiometric analysis of 
minerals of the metamorphic sole. The age of sediments overlying the ophiolite, or of sediments 
caught up in the emplacement of the ophiolite, or overlying the collision complex, also provide 
indications of age. 
The age that can be determined by K-Ar or 40Ar-39Ar methods for minerals of the 
metamorphic sole represents the time at which those minerals cooled through the Ar closure 
temperature, after peak metamorphism. For hornblende, the Ar closure temperature is relatively 
high (Fig.2.4 ), and thus hornblende is preferred over other minerals, such as the micas, for 
determination of emplacement age. 
Commonly the crystallisation age of an ophiolite and the emplacement age are 
separated by only a few million years. This is taken to indicate that young hot oceanic 
lithosphere is more likely to be abducted to form an ophiolite, as compared to older, colder 
oceanic lithosphere. An example is the Semail ophiolite where a small age difference of around 
1 Ma was measured (Hacker et al., 1996). However, in the case of the Newfoundland, Alaskan 
and Greek ophiolites, there is a larger spread in ages of the order of tens of Ma. The Bay of 
Islands ophiolite in Newfoundland crystallised at 486 Ma (Dunning and Krogh, 1985),and its 
metamorphic sole formed 17 Ma later at 463-469 Ma (Dallmeyer and Williams, 1975). The 
Brooks Range ophiolite in northern Alaska crystallised at 184-187 Ma (Wirth et al, 1993), and 
its metamorphic sole formed 18-21 Ma later at 163-169 Ma (Wirth et al, 1993 ). A time of 4 Ma 
separates crystallisation and emplacement of Mersin ophiolite, southern Turkey (Parlak and 
Delaloye, 1999). Dimo-Lahitte (2001) obtained 40 Ar- 39 Ar ages of 160-174 Ma for the 
metamorphic soles of the Albanian ophiolites. The age of plagiogranites and mafic dykes in the 
Albanian ophiolites are equivalent to ages of the metamorphic soles, and indicate that the 
ophiolite was young and hot during metamorphic sole formation. 
Shallow water sediments overlying the ophiolite may provide a minimum age for the 
emplacement of the ophiolite, and older deepsea sediments which are preserved beneath 
ophiolites may give the maximum age of emplacement of the ophiolite (Glennie et al., 1974). 
However, the finer detail of emplacement history is only accessible through radiometric dating 
methods. The dating of the metamorphic minerals in the high grade rocks provides an 
emplacement age representing closure temperatures for the particular mineral and isotopic 
system and the particular stage of emplacement. 
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Figure 2.4. Temperature (a) and pressure (b) variations from top to bottom in the metamorphic sole of the 
Albanian ophiolites, and P-T diagram (c) showing high thermal gradients and hornblende at granulite 
facies with higher Ar closure temperature than amphibolites (from Dimo-Lahitte et al., 2001). It is clear 
from the figure that hornblende has a much higher Ar closure temperature than muscovite and biotite in 
amphibolites and granulites and is a very useful mineral for determing age of peak metamorphism in 
metamorphic soles using the K-Ar and 40 Ar-39 Ar method. 
2.4 Partial melting 
Peak metamorphic conditions of 2 to 5 kbar (Ghent and Stout, 1981; Jamieson, 1986) 
and temperatures of 900-1000°C (Jamieson, 1981; Boudier et al, 1988) were reached during 
emplacement of young hot ophiolites. Partial melts oftonalite compositions (Searle and Malpas, 
1980, 1982) to granitic compositions (Searle and Cox, 1999) are inferred to have been produced 
during prograde anatexis of the sole rocks. However, these dykes, sills and other intrusive 
bodies that intrude mantle sequence harzburgites and lower crustal sequence cumulate gabbros 
have also been interpreted as products of extreme crystal fractionation in the ophiolite late 
intrusive series, rather than as a product of partial melting (Peters and Kamber, 1994; Gnos and 
Nicolas, 1996). Barique et al. (1991) concluded that dyke intrusions in the Oman ophiolite 
formed from melting generated during abduction over the metabasalt and metachert sediments 
of the ophiolite metamorphic sole. K-rich granitoid intrusions in the mantle sequence of the 
central Oman mountains (for example, Browning, 1982; Lippard et al., 1986) were possibly 
derived by melting of Arabian margin sediments beneath the ophiolite thrust sheet. Tilton et al. 
( 1981) measured uranium-lead ages ranging from 95 ± 1 to 98 ± 1 Ma on 
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zircon from plagiogranite samples from the Semail ophiolite and concluded that partial melting 
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Figure 2.5. Subduction zone and island arc P-T regime and associated metamorphic facies (from Spear, 
1994). In the subduction zone and trench region subduction of colder oceanic crust and sediments cause 
geotherms to be deflected downwards. Production of volcanic melts beneath the arc cause the geotherm to 
deflected upwards in the island arc. Amphibolite and granulite facies metamorphic reactions are favoured 
beneath the island arc, and blueschist and eclogite facies reactions dominate in the subducting plate. 
2.5 P-T regime at convergent plate margins 
Ophiolites and the associated metamorphic sole may be abducted at arc-continent 
collision zones. P-T paths for the metamorphic sole rocks can be predicted from models of P-T 
regimes in subduction zones. Calculated heat distribution, experimental petrology, and inferred 
geologic processes provide a three dimensional model of the P-T regime and associated 
metamorphic processes at subduction zones (Fig. 2.5). 
11 
Cht1pter 2: Mett1morphic sole benet1th ophiolites 
2.5.1 Subduction zone P-T regime 
A high P-low T regime prevails in and near the subducted slab, and a low P-high T 
regime beneath the adjacent island arc (i.e., paired metamorphic belt of Miyashiro, 1973). 
Basalts and gabbro layers of the down-going oceanic crust are subducted to increasing pressure 
conditions while still relatively cold, causing isotherms to deflect downwards (see Fig. 2.5). 
Highly deformed blueschists are accreted to the base of the forarc accretionary wedge, and may 
be emplaced tectonically back to shallow crustal levels at low T. The sequence of facies 
encountered going down the subduction zone is zeolite -> prehnite-pumpellyite -> blueschist -> 
eclogite. Blueschists occur at pressures greater than 6 kbars at temperatures of 100-400°C and 
eclogites occur at pressures greater than 8 kbar, and temperatures more than 400°c (see Fig. 
2.5). 
2.5.2 Island arc P-T regime 
Beneath the volcanic arc geotherms are deflected upwards due to the intrusion of large 
volumes of magma at shallow depths (see Fig. 2.5). Less deformed rocks like amphibolites form 
in this P-T regime. The sequence of facies encountered beneath the island arc is zeolite -> 
prehnite -pumpellyite ->greenschist -> amphibolite -> granulite. Greenschists occur at pressures 
of up to 7 kbars and temperatures of 200-440°C, amphibolites at pressures up to 8 kbar, and 
temperatures up to 700°C, and granulites at higher P at temperatures greater than 700°C (see 
Fig. 2.5). 
2.6 Sources of heat 
Metamorphism occurring along the thrust plane underlying the ophiolite body will be 
both dynamic and thermal in nature. The unique P-T conditions that are recorded in the 
mineralogies of the metamorphic soles depends on a number of factors, among which are: (1) 
the heat content of the overlying ultramafic mass in the upper mantle, i.e. the thickness of the 
ophiolite slab and the temperature distribution (age-related) within the lithosphere above the 
detachment surface; (2) the convergence rate across the detachment surface; (3) the temperature 
and water content of the underlying rocks; ( 4) the thickness of the ultramafics and the abducted 
layer; and (5) the depth of subduction and the cooling rate at the base of the mantle wedge. The 
highest grade rocks beneath ophiolites have been subjected to a metamorphic temperature 
gradient of at least 1-2°C/m-1 (Jamieson, 1986). Hacker (1991) discussed the formation of this 
steep thermal gradient beneath ophiolites in relation to continuous and discontinuous accretion 
mechanisms associated with thrust and normal faulting in subduction zones. The major part of 
the heat needed for metamorphic reactions is thought to be provided by residual heat from the 
12 
Chapter 2: Metamorphic sole beneath ophiolites 
cooling ophiolite. In the overlying ultramafic tectonites, temperatures of 900-950°c have been 
estimated from pyroxene compositions (Jamieson, 1981 ), and an initial temperature of> 1 ooo0 c 
has been inferred (Malpas, 1979; Boudier et al, 1988). In the case of the PUB ophiolite, the 
basal ultramafics equilibrated at 1200-1400°C and then cooled and re equilibrated at 900-
1 ooo0 c (Jaques, 1980). 
Three other possible heat sources include: ( i) frictional heating; (ii) hot fluid/melt 
infiltration; and (iii), serpentinisation. Malpas (1979) calculated a temperature increase of 
200°c due to frictional heating at the contact between the Bay of Islands ophiolites and the 
metamorphic slab by estimating thickness of the thrust, rate of slip on the thrust, shear stresses 
on the thrust, and conductivities and diffusivities of the ophiolite and metamorphic slab. Ghent 
and Stout (1981) argued that a temperature increase of more than 200°c due to frictional 
heating for the Semail ophiolite nappe (initial temperature of <1000°C) is unlikely. Peacock 
( 1987) noted that deformational heating at a shear stress of 160 MPa acting at subduction 
velocities of 50 mm yr- 1 could generate gradients of 0.25°C/m-I. Peacock (1987) also 
considered the effect of heat from hot fluids in subduction zone and concluded that the thermal 
effects of fluid flow could yield a thermal gradient of up to 0.123°C/m- l for a 5 m. y old 
ophiolite subducting at 0.1 m yr- 1. 
Serpentinisation is an exothermic reaction but temperatures reached in the metamorphic 
soles are above the upper temperature stability limit of serpentine minerals (Evans et al., 1976). 
Isotope dating of serpentines from Semail ophiolite suggest that serpentisation took place after 
tectonic emplacement of the ophiolite (Barnes et al., 1978). Thus, from these studies it appears 
that only the inherited temperature and heat content of the overlying peridotite appears to be 
capable of causing the tectonothermal metamorphism of the underlying rocks. 
2.7 P-T paths 
The lithological subunits in the metamorphic sole grading from mylonitic peridotite 
downward through hornblende granulite, amphibolite, and greenschist facies rocks record the P-
T conditions of metamorphism beneath the ophiol ite. Hacker ( 1991) compared predicted P-T 
paths with pressures and temperatures inferred from field studies in Oman (Fig. 2.6). The 
maximum pressure is constrained by the thickness of the ophiolite slab and the maximum 
temperature is the highest temperature recorded in high-grade amphibolite or granulite at the 
ophiolite contact. The field data for the Oman metamorphic sole compares well with plot of 0.1 
111.y old lithosphere at shear stresses of 100 MPa (see Fig. 2.6). The positive correlation suggests 
that the Oman ophiolite and the protolith of the high grade rocks were _::: 2 m.y. old and that 
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Figure 2.6. P-T paths for the rocks accreted to the metamorphic sole at different times and depths 
(Hacker, 1991). (a) 2 m.y. old lithosphere and associated maximum differential stress of200 MPa. (b) 0.1 
m.y. old lithosphere and associated maximum differential stress of 100 MPa. Rectangles indicate peak P 
and T estimates from Oman amphibolites (Ghent and Stout, 1981; and Searle, 1990); dashed lines show 
approximate Kl Ar hornblende closure temperature (Harrison, 1981 ); shaded lines show metamorphic 
facies boundaries and a solidus; BS, blueschist facies; P-A, pumpellyite-actinolite and prehnite-
pumpellyite facies; GS, greenschist facies; AM, amphibolite facies; GR, granulite facies; S+L, region of 
partially melted rocks. 
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2.8 Conclusions 
Field data and mineral chemistry from Oman, Newfoundland and elsewhere indicate 
unique P-T paths and extremely high thermal gradients in the metamorphic sole rocks near the 
base of Tethyan ophiolites. Heat for metamorphism is mostly derived from the hot mantle rocks 
at the base of the ophiolite and metamorphism and subsequent formation of high temperature 
rocks is thought to post-date final ophiolite emplacement. Where ages are known, the igneous 
crystallization of the ophiolite occurred a few Ma or tens of Ma before metamorphic 
recrystallization and emplacement of the ophiolite. 
Ophiolites now exposed at convergent margins formed either at mid ocean ridges, 
marginal basins or above subduction zones. The metamorphic soles beneath ophiolites represent 
the major interface between the ophiolite and the underlying rocks on which the ophiolite body 
moved over to reach the continental margin, and in a typical subduction zone setting the 
interface between the overlying mantle wedge and a subducting plate. Partial melts are likely 
to be generated at peak granulite facies metamorphic conditions during formation of the 
metamorphic sole. Fluids or water rich melts released during partial melting at granulite facies 
can trigger further melting of the mantle wedge peridotite. The bulk of the heat for 
metamorphic reactions is from the cooling ophiolite, and the temperature at the base of the 
ophiolite is largely dependent on the age of the ophiolite. In the south-western Pacific region 
rapid opening and closing of back arc basins, spreading centres, and transforms suggests that 
newly formed lithosphere could have temperatures in excess 1300°C and thus may provide a 
potent source of heat if abducted. 
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CHAPTER 3: METAMORPHIC SOLE OF THE PUB OPHIOLITE 
3.1 Introduction 
The Papuan Ultramafic Belt (PUB) ophiolite (Fig. 3.1) was mapped at reconnaissance scale 
by geologists of the Australian Government in the interval 1955-1967. The mapping revealed the 
existence of isolated exposures of high grade metamorphic rocks at the base of the ophiolite in the 
Musa valley (Smith and Green, 1961:12) and along strike to the northwest (Davies, 1971: 6-7). The 
high grade metamorphics were not observed along much of the contact, being either absent or 
concealed by alluvium. The most consistent outcrop was observed to be in the headwaters of the 
Kumusi River. 
A more detailed investigation of the basal metamorphics, or metamorphic sole, of the 
ophiolite was begun in I 993. A sector of the contact in the watershed divide between the Kumusi 
and Musa rivers was selected because it is an area of relatively good outcrop, low relief and small 
watercourses, and is of easier access than most other areas, being within a few km of a small airstrip 
at Tetebedi. The field investigation occupied six weeks and comprised creek traverses using a 
compass, clinometer and hip chain. The thickness and distribution of rock types within the 
metamorphic sole was mapped, and the main rock types characterized by petrographic and mineral 
analysis (Lus, 1994). 
Fieldwork continued with campaigns totalling eight weeks in I 995 and 1997. The work was 
in the same general area, but was focused more closely on the details of the contact, which proved 
to be more complex than was first thought. The final stages of mapping and sampling were 
concentrated in three creek sections: Muguena, Labai and Tributary Labai (Fig. 3.2). In order to 
recover samples systematically through the section, and in areas where rock surfaces had been 
smoothed by the action of water, a portable drill of the type used for palaeomagnetic studies was 
taken into the field in the I 997 campaign, and climbing ropes were used to facilitate collecting core 
samples from cliff sections. 
Access to the field area was by light aircraft to Tetebedi and thence by foot. This is an area 
of rain forest and secondary growth with moderately deep soils and tuff cover on the ridges. Rock 
exposures are found only in the rivers and creeks. Detailed mapping in the field is made more 
difficult by moss cover on the water-smoothed rock faces and by poor lighting beneath the tree 
canopy. 
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3.2 Regional Geological setting 
The PUB ophiol ite forms a series of mountain ranges on the northeastern side of the Owen Stanley 
Range (Fig. 3.1 ). The central Owen Stanley Range comprises metamorphic rocks, and these are 
separated from the ophiolite by the Owen Stanley Fault. 
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Figure 3.1. Regional geological map of southeastern PNG showing the Papuan Ultramafic Belt 
(PUB) ophiolite and the location of the study area. The map also shows occurrence of Emo 
Metamorphics, Kagi Metamorphics, and Sadowa Gabbro to the west, Dabi Volcanics, PUB 
ultramafics and fault bounded mafic gneiss, amphibolites and eclogites on the D'Entrecasteaux 
Islands, and Gorobu Metabasalt to the southeast. Australian and Pacific plate movement directions 
are also shown. The metamorphic isograds in the Kagi Metamorphics are represented by I chlorite 
isograd, 2 biotite isograd, 3 garnet isograd, 4 lawsonite isograd. 
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3.2.1 The PUB ophiolite 
The PUB ophiolite is exposed over a length of 400 km and a width of 40 km between 7°and 
10°s, and 147° and 149°E (Fig. 1.1, Fig.3. 1). The ophiolite consists of a layered sequence of 
tectonite ultramafics 4 to 8 km thick overlain by gabbro ~4 km thick and basalt ~4 km thick. The 
layering strikes northwest, and dips at angles of 1 o0 to 30° towards the Solomon Sea (Finlayson et 
al., 1976; Finlayson et al., 1977, Davies and Jaques, 1984 ). At the ultramafic-gabbro boundary a 0.5 
km thick zone of cumulus ultramafics has been mapped. Minor development of sheeted dykes 
occurs between the uppermost portion of the gabbro and the basalt (Davies, 1980). Tectonite 
harzburgite at the base of the ophiolite has extremely refractory, uniform mineralogy, and is 
exceptionally depleted in lithophile elements (Jaques, 1980). These features suggest that the rocks 
originated as residual mantle after extraction of basaltic components (Jaques and Chappell, 1980). 
ln relation to model mantle compositions with 3-4% Cao and Ab03, the amount of melt extracted 
was >40-50%, possibly in several melting events. The tectonite ultramafic rocks equilibrated at 
l 200-1400°C at pressures of <5 kb, and cooled and re-equilibrated at 900-1000°C (Jaques, 1980). 
The ophiolite could have formed at a mid-ocean ridge (Davies and Smith, 1971) or a 
marginal sea (Karig, 1972; Milsom, 1973; and Finlayson et al, 1977). The formation or igneous 
crystallisation age of the PUB ophiolite is not well known. Parts of the basalt were extruded in the 
Maastrichtian (Late Cretaceous, 74-65 Ma) based on foraminifera in the sediments within the 
basalts (Smith and Davies, 1976). The ophiolite is intruded by high-level tonalite stocks and 
hornblende diorites with K-Ar ages that group around 57-54 Ma (Rogerson et al, 1991). ln the north 
the PUB is overlain by Middle Eocene dacitic and andesitic volcanics and in the south by Neogene 
volcanics and sediments. 
3.2.2 Dabi Volcanics 
These are considered to be part of submarine volcanics consisting of dolerite and coarse 
basalt, and glassy clinoenstatite-bearing volcanic rock (boninitic material) which erupted onto the 
PUB ophiolite. Field mapping in the Dabi Creek area shows that the Dabi Volcanics are in contact 
with sedimentary units consisting of calcareous siltstone, limestone and lithic sandstone. Forams in 
limestone unconformably overlying the dolerite and basalts east of Dabi Creek gave a Lower 
Miocene (fl-2 stage) (Crespin and Belford, 1955). Dabi Volcanics in the Cape Vogel area have 
yielded a 40Ar-39Ar age of 58.9 ± 1.1 Ma (Walker and McDougall, 1982). The volcanism was 
related to active subduction , and eclogites on the D'Entrecasteaux Islands also developed at that 
time (Davies and Warren, 1992). 
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3.2.3 The Owen Stanley Metamorphics 
The Owen Stanley Metamorphics have been divided by Pieters (l 978) into pelitic Kagi 
Metamorphics and mafic Emo Metamorphics, separated by a probable thrust (Fig. 3.1). The Emo 
Metamorphics form the northeastern slopes and the felsic Kagi Metamorphics the central spine and 
southwestern slope. 
KAGI METAMORPHICS 
Kagi metamorphics characteristically are quartzo-felspathic. The main rock types are slate, phyllite, 
schist and minor gneiss, with some stretched pebble conglomerate, marble and metabasite schist 
(Pieters, 1978). Lower grade schists include relic volcaniclastic material. The protolith of the 
metamorphics was felsic sediments, partly volcanogenic, with minor intercalated limestone, 
conglomerate of igneous cobbles, and basaltic volcanics. The Kagi metamorphics have undergone 
at least two deformation events, the first of which produced a strong metamorphic foliation, and the 
second of which re-folded the earlier foliation and produced a crenulation cleavage (Pieters, 1978). 
Metamorphism contemporaneous with the first event was dynamic and characterised by shearing 
and cataclasis and the development of lower greenschist facies minerals. A later metamorphic event 
that mostly post-dated the second deformation produced porphyroblasts of albite and almandine 
garnet, as well as randomly oriented muscovite, chlorite, epidote and biotite (Pieters, 1978). 
Metamorphic grade increases across the mountain range from southwest to northeast. 
Pieters ( 1978) defined three metamorphic zones based on the appearance of indicator minerals: 
chlorite, biotite and garnet. Close to the contact with the Emo Metamorphics, the garnet isograd is 
cut discordantly by an isograd marking the appearance of lawsonite and sodic amphibole. The same 
metamorphic zonation is not seen along strike to the northwest, where the higher grade and lower 
grade rocks appear to be randomly distributed, perhaps in fault-bounded slices (Davies, unpublished 
data). The chlorite, biotite, garnet and lawsonite isograds through the Kagi Metamorphics are 
indicated by labels I, 2, 3 and 4 respectively in Figure 3.1. 
Fossils in the Snake River valley north of Wau were dated by Glaessner (l 949) as Aptian to 
Cenomanian, and fossils in the headwaters of the Buiawim River, east of Wau, were given a similar 
age by S.K. Skwarko (written communication, 1960; cited in Dow and others, 1974). The presence 
of clasts of schist in Mid-Eocene bioclastic limestone in the Tapini area (Davies and Smith, 1971) 
provides an upper limit for the age of initial metamorphism. 
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EMO MET AMORPHICS 
The Emo metabasites form a gently-dipping or broadly folded sheet about I km thick that 
has the appearance of a carapace overlying the Kagi Metamorphics on the northeastern slopes of 
the Owen Stanley Range (Pieters, 1978; Davies and Jaques, 1978). The rocks are massive 
metabasite and foliated greenschist (Pieters, 1978; Worthing and Crawford, 1996). Constituent 
minerals are the classic greenschist assemblage of albite, chlorite, actinolite, epidote and titanite, 
with relict clinopyroxene and minor carbonate, quartz, white mica, lawsonite and sodic amphibole, 
rare garnet, stilpnomelane and pumpellyite and accessory deerite, magnetite and hematite. Primary 
igneous clinopyroxene is preserved as relic grains (e.g., specimen 7434, see Ch.4). Metamorphic 
facies is commonly greenschist or transitional from blueschist to greenschist, and less commonly 
blueschist. The protolith was low-K tholeiitic basalt, dolerite, gabbro and volcanic sediment, minor 
calcareous and quartzo-feldspathic sediment (Worthing and Bennett, 1988). Pieters (1978) notes 
evidence of two metamorphic events, an earlier syntectonic event in which the blueschist mineral 
assemblage crystallised, and a later, generally post-tectonic event characterised by greenschist 
minerals including porphyroblastic albite. Worthing and Crawford (1996) also noted a greenschist 
overprint on earlier blueschist assemblages, but in the rocks that they examined, the greenschist 
event was accompanied by development of a mylonitic fabric. The age of the protolith of the Emo 
Metamorphics is still not known due to lack of preservation of fossils but correlation with the Kutu 
Volcanics (Smith and Davies, 1971) suggests that the age may be Latest Cretaceous. Metamorphic 
cooling ages of so die amphibole determined by K-Ar method range from 39-22 Ma (late Eocene to 
early Miocene), with one age on a low-K amphibole of 68.3 Ma (Late Cretaceous; age summary by 
H. L Davies, unpublished data). 
In the study area, the Emo Metamorphics occur as an albite +quartz+ actinolite + chlorite 
+ clinopyroxene + epidote + titanite-bearing greenschist assemblage. Metamorphic foliation strikes 
300° with average dip of 30° to the northeast. Blueschist facies minerals such as lawsonite and 
glaucophane are absent. Some of these rocks show mylonitic fabric (e.g., L2), and in one instance 
bands of greenschist Emo Metamorphics are seen in amphibolite sample 7544. 
3.3 Mapping and field descriptions 
In the Kumusi-Musa divide, the metamorphic sole of the PUB ophiolite is 200-300 m 
thick and extends for 17 km. In parts of Emo River, possibly repetition by folding and faulting gives 
the sole an apparent thickness of 600 m (Fig. 3.9). It lies along strike to the northwest immediately 
below the ophiolite and is bounded, down section, by greenschist facies metabasites of the Emo 
Metamorphics (Fig. 3.2). The metamorphic sole comprises 20-40 m of granulite facies mafic 
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metamorphics overlying 200-300 m of amphibolite facies, mafic metamorphics. Immediately above 
the granulites, at their contact with the ophiolite, there is a transition zone, 8-12 m thick, comprising 
a mixture of hornblende gabbro, gabbro, pyroxenite, dunite and lherzolite. The harzburgite of the 
PUB ophiolite overlies the transition zone rocks. 
The contacts between the metamorphic sole and Emo Metamorphics below, and the 
transition zone rocks above, are seen to be faulted in places but possibly were originally 
gradational. In the Umina River, Emo River, and Ehi River, and parts of Kumusi River, the contacts 
between the greenschist and amphibolite are faulted. In Iro Creek, Millu Creek, Adili Creek, Bisiali 
Creek, Muguena Creek, Labai Creek, Lama Creek, Idiakukumna Creek and Di Creek the contact is 
gradational. However petrographic examination of some rocks from creek sections where the 
contact appeared to be gradational (e.g., 7544, 7495) revealed cataclastic texture. A sharp contrast 
in metamorphic grade observed in sample 7544, in which bands of greenschist and amphibolites 
occur together, must be due to several stages of derformation and recrystallization. At other 
locations, notably at Enawa and Maneda Rivers, greenschists of the Emo Metamorphics are in 
direct fault contact with ultramafic rocks of the PUB ophiolite. 
3.3.1 Sampling across Metamorphic Sole 
Three sampling procedures were used : 
(1) broad scale sampling of amphibolites and granulites and other rock types throughout the 
metamorphic sole, including float samples. Broad scale samples are shown on the large 
geology map in Fig. 3.2. 
(2) detail outcrop sampling at Labai Creek, Tributary Labai Creek and Muguena Creek (1-10 m 
scale). Outcrop samples from Labai and Muguena creeks are shown in Fig 3.3, and 3.5. 
(2) drill core sampling of transation zone at Labai Creek and Muguena Creek (1 cm to 1 m scale). 
Drill core samples of transition zone are shown in detail in Fig. 3.13 and 3.14. 
The creeks cut the metamorphic sole, so sampling traverses were run approximately at right angles 
to the contact, to try to define and characterise the prograde metamorphism. The sections sampled 
to characterise the gradient and collect lower grade amphibolites include Labai-Tributary Labai 
(Figure 3.4), Muguena Creek Area (Figure 3.6), Di Creek (Figure 3.7), Lama-Idiakukumna (Figure 
3.9) and Tetebedi-Emo River (Figure 3.9). The distances down-section from the contact are also 
shown for each section. 
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Figure 3.2 Geology ofMusa-Kumusi divide showing the metamorphic sole of the PUB. Sample locations are 
shown here and in the detailed maps in Figures 3.3, 3.5, 3.13, 3.14. AB is line of section. 
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Figure 3.3. Map of Labai Creek showing the metamorphic sole bounded by greenschist of the Emo 
Metamorphics, and the tectonite harzburgite of the PUB ophiolite. The transition zone and sample locations 
are also shown. Cross section through the metamorphic sole in Labai Creek area is shown below in Fig. 3.4. A 
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Figure 3.4. Labai-Tributary Labai Section 
showing the sample locations and 
distance down-section from the contact. 
Average dip angle of 50° and the 
horizontal distance on Fig. 3.2 was used 
to calculate the thickness, and sample 
locations on the cross-section. 
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3.3.2 Labai Creek 
The metamorphic sole m Labai Creek (Fig.3.2, Fig. 3.3) is bounded by greenschist of the Emo 
Metamorphics down-section and rocks of the transition zone up-section. It is not clear whether the 
two contacts are gradational or faulted. Metamorphic foliation in the greenschist, amphibolite and 
granulite rocks dip at 40-70° to the east and northeast, except near the junction with Tributary Labai 
Creek where foliation in amphibolite dips at 35° to the south. The joints and fractures in the 
metamorphics are post-metamorphic and dip at 35-85° in different directions. Sampling locations, 
and sample numbers are shown on the map in Fig. 3.2, and Fig. 3.3, Fig. 3.4 and Fig. 3.4. Figure 3.4 
shows the down-section distance, and thickness of the granulite and amphibolite facies rocks and 
sampling locations through the Labai-Triburay Labai section. The granulite is 20 m thick and is 
underlain by the amphibolite zone 192 m thick. The epidote amphibolite facies and greenschist 
facies rocks occur 212 m from the contact and are represented by sample L2. A Miocene biotite-
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Figure 3.5. Map of Muguena Creek showing the metamorphic sole bounded down-section by greenschist Emo 
Metamorphics and up-section by tectonite harzburgite of the PUB ophiolite. The transition zone and sample locations are 
shown. Cross section through the metamorphic sole is shown below in Fig. 3.6. A detailed sketch of the transition zone 
exposure, and sample points within transition zone are presented in Figure 3.14 
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Figure 3.6. Muguena Creek Section 
and showing the sample locations 
distance down-section from the contact. 
Average dip angle of 40° and the 
horizontal distance on Fig. 3 .2 was used 
to calculate the thickness, and sample 
locations on the cross-section. 
7544, 255m 
7446, 7447 
hornblende-plagioclase porphyry intrudes both the amphibolites, and the tectonite harzburgites 
above the transition zone. 
3.3.3 Muguena Creek 
The metamorphic sole in the Muguena Creek similarly is bounded by greenschist of the Emo 
Metamorphics down-section and transition zone up-section. Here too, it is not clear whether the 
greenschist/amphibolite boundary and the amphibolite/granulite boundary are gradational or 
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faulted. Metamorphic foliation in the greenschist, amphibolite and granulite dip at 20-40° to the 
northeast (e.g., Fig. 3.2). The joints and fractures in the metamorphics are post-metamorphic. 
Sampling locations and sample numbers are also shown on the map in Fig. 3.5. The Miocene 
biotite-hornblende-plagioclase porphyry intrudes parts of the tectonite harzburgites above the 
transition zone. The transition zone at Muguena comprises gabbro, hornblende gabbro, 
pyroxenite,and lherzolite, similar to Labai Creek. Figure 3.14 is a detailed sketch of the Muguena 
Creek transition zone. Only plagioclase-rich zones occur as bands within the granulites of the 
metamorphic sole. Gabbro bands occur at the metamorphic sole-transition zone boundary, and 
gabbro and pyroxenite bands dominate in the upper parts of the transition zone. The gabbro and 
pyroxenites strike at 330° and dip to the northeast at 40-75°. Late faults cut both the transition 
zone, and the metamorphic sole, similar to the Labai transition zone. Figure 3.6 shows the thickness 
section derived from data from Muguena, Ali, Adili, and Millu Creeks. The granulite facies rocks 
are 21 m thick, and the amphibolite is 279 m thick. 
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3.3.4 Di Creek 
Figure 3.7. Di Creek Section showing the 
sample locations and distance down-
section from the contact. Average dip 
angle of 40° and the horizontal distance 
on Fig. 3 .2 was used to calculate the 
thickness, and sample locations on the 
cross-section. 
Di Creek section represent the southeastern extension of the metamorphic sole (Fig. 3.2, Fig. 3.7). 
Only up to I 00 m of the metamorphic sole was mapped, and the granulite zone is 42 m thick. 
Sample 7479, 7480, and 7481 were collected at 2m, 40 m and 42 m respectively. The transition 
zone is not well exposed, and the mapping and sampling did not include the ultramafics above the 
contact. The amphibolite zone was not sampled. 
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7485, 40 m 
7486, 41 m 
Figure 3.8. Lama-Idiakukumna Section 
showing the sample locations and 
distance down-section from the contact. 
Average dip angle of 52.5° and the 
horizontal distance on Fig. 3.2 was used 
to calculate the thickness, and sample 
locations on the cross-section. 
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3.3.5 Lama and ldiakukumna Creeks 
The granulite zone in the Lama and ldiakukumna Creeks is 25 m thick, and is underlain by the 
amphibolite (231 m thick). Sample 7493, and 7487 are granulites, and samples 7485, and 7486 are 
hornblendites and represent amphibolite facies rocks 40-41 m from the contact. Sample 7491 
represent the boundary between amphibolite and epidote amphibolite facies rocks 256 m from the 
contact. The mapping and sampling did not include the ultramafics above the contact, and the 
transition zone was not well-exposed as at Labai and Muguena Creeks due to faulting and shearing. 
~~~~~~~~~~~~~~~~~~~~~~~~28 
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3.3.6 Tetebedi and Emo River 
Figure 3.9. Tetebedi-Emo River Section 
showing the sample locations and 
distance down-section from the contact. 
Average dip angle of 46° and the 
horizontal distance on Fig. 3.2 was used 
to calculate the thickness, and sample 
locations on the cross-section. 
At the junction of Maneda River and Kumusi River, and Tetebedi and Enawa River the 
metamorphic sole has been faulted out and is not exposed. The metamorphic sole is observed 
northwest of the Iro Creek and becomes narrow and less exposed further to the NW of Ehi River 
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(Fig. 3.2). Figure 3.9 shows the metamorphic sole section of the area as interpreted from sampling 
and mapping data. The granulite facies rocks are of 20 m thick, and the amphibolites extend from 
there (sample 7595) to around 700 m. Figure 3.9 indicate that the amphibolite zone reaches 
maximum thickness of 680 m at location of sample 7460, much higher than uniform thickness of 
200-300 m in creek sections southeast of Tetebedi. Sample 7434 is typical Emo metabasite at 1495 
m down section from the contact. 
3.4 Metamorphic sole rocks 
3.4.1 Amphibolites 
Two types of amphibolite can be distinguished, based on the colour of hornblende, which 
may be either blue-green or pale brown in the z-direction of hornblende. A third type of 
amphibolite is distinguished because it is bi-mineralic hornblendite. 
i) Amphibolite with blue green hornblende. These amphibolites are well foliated rocks 
comprising plagioclase-quartz-blue green hornblende ± epidote ± clinopyroxene ± magnetite 
assemblage. In thin sections (e.g., sample 7447, Fig. 3.13 A) blue-green to green amphiboles make 
up to 70-80%, saussuritised plagioclase 10-15%, albite-andesine 3-6%, quartz 1-2 %, clinopyroxene 
1-2% and opaques 1-3%. Trace amounts (<l %) of chlorite (e.g., 7491), titanite, calcite, epidote (e.g, 
7491), and pyrite also occur. Examples include 7495, 7446, 7447, 14, and 7491. In some sections, 
the amphibole grains are 0.5 to 1 mm across and occur as the foliated matrix around relict 
clinopyroxene grains. In others (e.g., 7495) amphibole rims clinopyroxene. The plagioclase and 
quartz grains are 0.2-0.5 mm in size. Measurements of maximum extinction angles in grains normal 
to 010 plane suggest that the plagioclase in the amphibolites is andesine (An30.4o) (also see mineral 
probe data in Chapter 4). Saussuritisation is post-metamorphic and affected most plagioclase grains. 
ii) Amphibolite with brown hornblende. These rocks are moderately foliated and consist of a 
plagioclase-brown hornblende± chlorite ± quartz ± albite assemblage. Quartz is rare to absent, 
and in many samples all the primary plagioclase is saussuritised. Examples include 7460, 7595, 
7571, 7544, 7950, and 7601. Measurements of maximum extinction angles in grains normal to 010 
plane suggest that the secondary plagioclase in the amphibolites is albite (also see probe data in 
Chapter 4). Amphibole occurs as rims on the relict clinopyroxene. Amphibolite facies metamorphic 
rocks are shown in Fig. 3 .10 H, and Fig. 3 .11 F, G, and H. 
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iii) brown hornblende± magnetite hornblendite. In Idiakukumna Creek and Di Creek a band of 
coarse-grained unfoliated hornblendite occurs within the layered amphibolite (samples 7485, and 
7486, Fig. 3.12 G). The hornblende is pale brown and is accompanied by accessory magnetite. 
3.4.2 Granulites 
The granulites of the metamorphic sole occupy a zone 20 m across at the base of the 
ophiolite (Figure 3.2, Figure 3.3, Fig. 3.10 G). The rocks are well-crystallised with strong 
penetrative foliation defined by hornblende prisms ( Sample 7442, Fig. 3.11 E) and by fine-scale 
compositional banding. A schematic cross-section through the different rock units and faults in the 
Musa-Kumusi area is shown in Figure 3.2 and detailed maps of Labai, Tributary Labai, and 
Muguena creeks in Figures 3.3, 3.4, 3.5 and 3.6. The layering or banding in granulites in all three 
creek sections consistently strikes at 340° and dips at 40-80° to the northeast. The granulite facies 
rocks grade upwards into hornblende gab bro, gabbro and layered ultramafic rocks of the transition 
zone. 
Reddish brown hornblende is the dominant mineral phase. Five hornblende-containing 
assemblages have been observed; ( 1) hornblende + orthopyroxene + plagioclase + ilmenite, (2) 
hornblende + orthopyroxene + plagioclase + olivine, (3) hornblende + orthopyroxene + 
clinopyroxene + olivine + ilmenite, (4) hornblende + orthopyroxene + plagioclase, and (5) 
hornblende + plagioclase ± orthopyroxene + clinopyroxene + olivine + ilmenite. Typical granulite 
from the metamorphic sole containing all the major phases is shown in Figure 3.12 B. 
Hornblende grains are 0.1 mm to 5 mm across, and commonly comprise ~60% of the rock 
and rarely up to 90-95 %. The foliation in the granulites is mainly defined by elongated hornblende 
grains in hornblende-rich bands. In some bands plagioclase (including saussuritised zones) with 
grain size of 0.2-4 mm forms up to 40-60% of the rock. Measurements of maximum extinction 
angles in unaltered grains normal to 010 plane indicate plagioclase in the granulites is higher in 
anorthite component than the amphibolites, and the probe data in Chapter 4 confirm this. 
Orthopyroxene abundance reaches 30%. Average grain size of 1.5 mm, but smaller orthopyroxene 
grains ( <0.2 mm ) occur mostly as inclusions in hornblende. Clinopyroxene modal abundance 
ranges from 0-25% with grain sizes of 0.1-2 mm. Olivine comprises from 0-15% and has grain 
sizes 0.1-1 mm. Maximum ilmenite abundance is 15% with grain size in the range of 0.1-1 mm. 
Magnetite comprises 0-5% and occurs mostly as inclusions in hornblende. Trace amounts of 
sulfides also occur in the granulites. Calcite rarely occurs interstitially and as inclusions in 
hornblende. Other retrogressive phases occur as vein fillings and include albite, tremolite, chlorite, 
and clinozoisite. The diversity in mineralogy observed in the granulites probably is a function of 
primary mineralogy, degree of hydration, bulk composition and variation in metamorphic grade. 
Figure 3. 10. Rock types. A. harzburgite, PUB ophiolite, B. dunite band in harzburgite, PUB ophiolite; C. plagioclase 
rich bands in gabbro, transitional zone-granulite boundary, Muguena Creek; D. transitional zone, Lab.ai Creek; E. 
banded gabbro, transitional zone-granulite boundary, Labai Tributary Creek; F. banded gabbro in transitional zone, 
Muguena Creek; G. granulite outcrop at granulite-amphibolite boundary (broken red line), metamorphic sole, Labai 
Creek; H. amphibolite outcrop at amphibolite-greenschist boundary (broken red line), metamorphic sole, Labai 
Creek. Double-beaded orange arrows show banding directions at the contact between metamorphic sole and 
transition zone rocks. 
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O 0.5 cm 
Figure 3.11 . Rock types. A. harzburgite, IPUB ophiolite, B. dunite band in harzburgite, PUB ophiolite; C. 
plagioclase rich bands in gabbro, transitional zone-granu lite boundary, Muguena Creek; D. transitional zone, 
Labai Creek; E. banded gabbro, transitional zone-granulite boundary, Labai Tributary Creek; F. banded 
gabbro in transitional zone, Muguena Creek; G. granulite outcrop at granulite-amphibolite boundary, 
metamorphic sole, Labai Creek; H. amphibolite outcrop at amphibolite-greenschist boundary, metamorphic 
sole, Labai Creek. 
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Figure 3.12 . Photomicrographs of mineral in each of the rock types as observed in tltin sections. A Amphibolite 
(well foliated), B Granulite from the Metamorphic Sole, C Granulite grading into hornblende gabbro, D Gabbro 
with interstitial hornblende, E Gabbro with pyroxene and spine!, F Lherzolite from Transition Zone, G deformed 
harzburgite immediately above Transition Zone, H Harzburgite Papuan Ultramafic Belt ophiolite, and l Homblende-
plagioclase-biotite porphyry. 
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3.4.3 Hornblende gabbro 
These are bands of coarse grained, igneous-textured gabbroic rocks with up to 60% red brown 
hornblende at the base of the transition zone and as layers within the hornblende granulites . The 
hornblende gabbro bands are exposed at Labai, Tibutary Labai and Muguena Creeks (Fig. 3.3, 3.4, 
3.5 and 3.6). The mineralogy is dominated by unfoliated coarse red brown hornblende together 
with clinopyroxene, orthopyroxene, olivine, ilmenite, titaniferous magnetite and plagioclase. Bands 
of hornblende gabbro occur in samples TLa971, TLa971c, TLa971d, TLa971e, Tla971f, Mu976, 
7560, L7 and La971. Figure 3.12 C shows coarse unfoliated hornblende occurring with pyroxenes, 
olivine and opaques in typical hornblende gabbro. 
3.4.4 Gabbro 
Gabbro bands occur above the hornblende gabbro. These rocks are hornblende-poor (<2%) and 
plagioclase-rich (>40%) and the minor hornblende is pale-brown in colour. A link to the 
neighbouring granulite is provided by the presence of pale brown hornblende, and by the mineral 
assemblage of olivine+ 2 pyroxenes+ plagioclase ±spine!. 
3.5 Transition zone rocks 
The transition zone is 8-12 m across and is exposed in Labai and Muguena Creeks. 
Stratigraphically (from bottom to top) it consists of bands of plagioclase lherzolite, dunite, 
pyroxenite, wehrlite and harzburgite (see Figures 3.13, and 3.14). The overall fine grain size of the 
transition zone rocks suggests that grain size reduction may have been caused by tectonic transport 
followed by metamorphic re-equilibration of the rocks. Ultramafic bands occur above the gabbro 
and hornblende gab bro. The top of the transition zone is marked by the occurrence of normal PUB 
harzburgite. Each of the rock bands is 0.5-5 cm thick. There is strong mineral orientation parallel to 
the compositional banding and bands tend to lens out along strike. At Muguena Creek, a 1 cm band 
in the transition zone can be traced for ~5 m. Banding consistently strikes at ~340° with average 
dips of 40-80° to the northeast, parallel to the metamorphic foliation in the underlying granulites. 
The deformed and banded rocks within the transition zone are 'mylonitic', with olivine and 
pyroxene have accommodating most of the bulk strain and have undergone complete dynamic 
recrystallization. The olivines in particular show grain size reduction, and form thin dunite bands 
within the transition zone. Mylonitization within the transition zone and the formation of bands 
probably occurred during mylonitic shear under amphibolite to granulite facies conditions. It is not 
clear whether the compositional heterogeneity evident in the bands was present before, or 
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Chapter 3: Metamorphic sole of the PUB ophiolite 
PUB harzburgite. Lack of lateral continuity, and lensing out of some bands within the transition 
zone support an interpretation as tectonic layering and differentiation along shear planes. The 
Transition Zone specimens include 7513, 7514, TLa971, TLa971a, TLa97lb and Mu976. Figure 
3.12 D shows interstitial brown hornblende in the gabbro. 
3.5.1 Plagioclase lherzolite 
In sample Mu976, a plagioclase-bearing lherzolite band with the assemblage clinopyroxene + 
olivine + spine! + saussurite occurs between gabbro bands. The saussuritised plagioclase is 
lenticular and has thin clinopyroxene and magnesio-hornblende rims. Samples La972, Mu976 and 
Mu977 contain plagioclase lherzolite bands. Detailed mineral chemistry data are presented in 
Chapter 4. 
3.5.2 Dunite bands 
The dunite bands are very fine grained. Thin section study of samples LC4, MC5 and LC12 shows 
that the rock is composed of dunite- and pyroxenite-rich bands and have been sheared, and that the 
dunitic material (or olivine rich band) is preferentially sheared compared to the pyroxenite or 
lherzolitic bands. The original rock may have been a coarse-grained lherzolite or harzburgite, and 
the layering have been produced by differentiation of minerals during shearing. 
3.5.3 Pyroxenite 
Pyroxenite bands, which dominate above the hornblende gabbro and gabbro bands, include 
orthopyroxenites, clinopyroxenites and websterites. Pale brown to orange-brown spine! is present, 
together with minor saussuritized plagioclase. Pyroxenite and websterite bands were observed in 
samples La972, Mu976,Mu977, LClO, LC12, LC13, Mu977, LC3, LClO, LC12 and LC13. In 
some pyroxenite samples (e.g., MC5, MC6, and LC12) the orthopyroxenes are altered to bastite or 
serpentine, and in some pyroxenite bands (e.g., MC7), brown spinels are rare or absent. 
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3.5.4 Lherzolite, Wehrlite 
Lherzolite and wehrlite bands of olivine + orthopyroxene + clinopyroxene + spine!. Clinopyroxene 
and spine! exsolution rods and spine! blebs exsolving from orthopyroxene are abundant in 
lherzolite bands in MC8. Spine! is pale brown in colour, unlike the deep brown to red-brown 
spinels of the harzburgite. Wehrlite bands contain 60-90% olivine, and 10-40% clinopyroxene, 
with trace orthopyroxene and chrome spine!. Lherzolite and wehrlite bands occur in samples MC7, 
MC8, 7557; La972, Mu977, LC3 and LClO, LCl 1. It is not clear whether the wehrlites are primary 
wehrlite bands or a mixture of a clinopyroxenite band into which olivine has been mechanically 
introduced by micro-shearing. Micro-shearing and grain size reduction of olivine grains are seen in 
wehrlite bands in sample LCl 1. 
3.5.5 Harzburgite 
Harzburgite bands and lherzolite bands and grade into overlying refractory, non-banded 
PUB harzburgite. The transition zone harzburgite bands contain 80-90% olivine, 10-20% 
orthopyroxene, and 1-2% chrome spine!. The thin harzburgite bands are observed in the transition 
zone at both Muguena Creek and Labai Creek, particularly in sample Mu971, Mu976, Mu977, 
7557, 7558, 7558D and 7559, MC16, and MClO. Harzburgite band sandwiched between dunite 
bands consist of coarse porphyroclasts of orthopyroxene oriented parallel to the layering, 
suggesting the dominating effect of deformation in the development of layering within the rock. 
Large orthopyroxene porphyroclasts in harzburgite contain numerous aligned spine! needles and 
spine! inclusions. The harzburgite bands occurring within the transition zone are interpreted as fine-
grained tectonised PUB harzburgites. 
3.6 Refractory PUB Harzburgite 
The dominant ultramafic rock type above the transitional zone is refractory harzburgite of 
the PUB ophiolite (Fig 3.1, Fig.3.2, Fig 3.lOA, B). Sample La977 is unusual in that it shows 
clinopyroxene exsolution lamellae in orthopyroxene, or it has cooled down. The harzburgites are 
tectonites showing strong deformation and recrystallisation, including deformed augen of enstatite 
(up to 7 mm), surrounded by a matrix of recrystallised olivine, and relict subhedral chrome spine! 
(up to 2 mm). Some harzburgites are coarse-grained with 0.5-1 cm enstatite crystals. The rocks are 
either massive or exhibit mineralogical layering due to variation in proportions of olivine and 
enstatite. Dunite layers also occur in the harzburgites (Fig. 3.lOB). The layering is on 10-50 cm 
scale and the origin of the layering is enigmatic. Other harzburgites are medium- to fine-grained 
and may display relict porphyroblasts of enstatite in a matrix of recrystallised olivine and minor 
orange-brown chrome spine!. 
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Typical harzburgite hand specimens from above the transition zone show lighter patches of 
coarse orthopyroxene grains, and the coarse orthopyroxene grains form bands of orthopyroxenite. 
Figure 3. l 2G shows harzburgite with deformed or elongated orthopyroxene grains rimmed by 
smaller grains of olivine or dunite-rich material. In Figure 3.12G it is clear that deformation has 
begun to stretch an orthopyroxene grain into a short band or layer of orthopyroxenite. Both sides of 
the lengthened orthopyroxene are lined by fine grained-olivine, beginning to form two fine-grained 
dunite bands. Figure 3.12H shows undeformed PUB harzburgite with red brown chrome spine!. 
Mineral chemistry data for olivine, orthopyroxene, and chrome spine! in the harzburgites are 
presented in Chapter 4. 
At Muguena Creek, above the transition zone, dunite bands in the ultramafic rocks strike 
360° and dip at 58° to the east (Fig. 3.2, 3.10). In most areas mapped, the contact between the 
ultramafics and transitional zone has been disrupted by more recent faulting. 
3. 7 Porphyry 
Small bodies of biotite-hornblende-plagioclase porphyry, 50-60 m wide, have intruded 
both the metamorphic sole and the overlying ultramafic rocks (Fig. 3.3, Fig. 3.5). Hand specimen 
samples normally show white grains of plagioclase and black grains of biotite and hornblende. 
Plagioclase grains are up to 12 mm across, biotite grains to 5 mm, and hornblende to 2 mm, in a 
matrix of fine-grained plagioclase, biotite, and microcrystal line equivalenetss. Modal abundance of 
phases in thin sections is biotite 15-20%, hornblende 15-37%, plagioclase 40-50%, quartz 2-5%, 
clinopyroxene ~ 1 %. Figure 3.12 I is a typical view of the rock in thin section. 
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CHAPTER 4: MINERAL CHEMISTRY 
4.1 Introduction 
The complex processes of mylonitisation and tectonic juxtaposition of different bulk 
compositions and related metamorphic reactions at amphibolite and granulite facies during 
formation of the metamorphic soles can be better understood by. detailed mineral analyses of 
the metamorphic sole rocks. The electron microprobe data on minerals in each rock type are 
presented in Tables 4.1 to 4.30, and are used to enquire whether : (1) what was the variation of 
temperature as a function of pressure (and time) in the sole with respect to distance from the 
base of the ophiolite; (2) the mineral chemistry variations, particularly amphibole composition 
variation, are due to bulk composition differences; (3) mineral variation reflects tectonic 
juxtaposition of different bulk composition at a single P-T or varying P-T condition; (4) mineral 
assemblages reflect processes including prograde metamorphism of altered mafic rocks (Emo 
Metamorphics), metamorphism of igneous rocks (Papuan Ultramafic Belt), and metamorphism 
of rock units of lithospheric or subcrustal origin, tectonically captured in the envelope between 
the Papuan Ultramafic Belt and under-thrust crustal rocks. 
It should also be noted that the limitations of outcrops and fieldwork access may 
preclude firm conclusions on some or all of these questions. The mineral chemistry of transition 
zone pyroxenites, lherzolites and harzburgites above the metamorphic sole of the PUB is also 
presented to attempt to define their conditions of crystallisation and to seek information on 
precursor mineralogy and P,T conditions as evidence of pre-emplacement and emplacement 
history. 
In Chapter 3, the brief discussion of sampling strategy emphasized the search for 
changes in mineralogy and composition which might indicate tectonic interleaving and 
attenuation of lithological discontinuities during intense deformation beneath the peridotite. The 
ubiquity of hornblende and plagioclase suggested that systematic variation of hornblende and 
co-existing plagioclase compositions might serve as an indicator of metamorphic grade 
variations, provided that bulk rock compositions remained relatively constant. Complicating 
factors include possible variability in amount of water available-thus a given bulk composition 
with very low water content might crystallize (say at 800°C, 5 kbar) olivine +two pyroxenes + 
plagioclase + ilmenite +trace amphibole, whereas with higher water contents, ilmenite, olivine, 
and even plagioclase or clinopyroxene might be eliminated in a hornblendite or hornblende 
granulite assemblage. 
Mapping and initial thin section examination identified mafic metamorphics 
characterised by green to blue-green (z-direction) of pleochroism) hornblende, plagioclase ± 
clinopyroxene ± epidote in samples 7434, 7491, 7495, 7544, 7571, 7595, 7446, 7446. These 
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samples were more distant from the ultramafic contact and were classified as amphibolites-in 
later section 4.4 samples 7491 and 7495 were examined as representative of these rock types. 
A second group of samples, again 'distant' from the ultramafic contact, are also 
amphibolites with characteristically pale-brown to brown pleochroism (z-direction) 
accompanied by plagioclase (composition more sodic than An90) or more frequently by 
saussuritized plagioclase. Orthopyroxene is absent. These samples will be shown to have 
distinct Na/Ca partioning between plagioclase and hornblende, in comparison with rocks 
classified as granulites on the basis of co-existence of orthopyroxene (± olivine) and 
plagioclase. However, the extensive saussuritization of plagioclase throughout the rocks of the 
metamorphic sole has meant that for some amphibolites, the hornblende composition alone, 
together with petrographic evidence of saussuritized plagioclase, has been used as the basis for 
classification as amphibolite. 
A group of samples were designated as hornblendites on the basis of their mineralogy of 
>90% brown hornblende. It will be shown that the hornblende composition in the samples 
matches that of the granulites, and not that of the amphibolites. These samples occurring among 
the granulites may illustrate variation in water availability mentioned previously, and bulk 
composition differences. 
In sampling and petrographic examination of rocks within IO m of the ultramafic rocks, 
a rock type was designated as hornblende gabbro (see section 3.4) on the basis of its unfoliated 
character and medium to coarse grain size. Hornblende-bearing gabbros with 1-2% modal 
hornblende are classified as gabbro. The trace amphibole in the rock also indicates variability in 
water content. In examining the mineral compositions among samples, this petrographic rock 
type is separately discussed, although it is clearly part of the layered granulite and transitional 
zone sequences. The problem of saussuritization of plagioclase is accentuated in the Transition 
Zone so that this potentially useful aspect of metamorphic grade determination is not available. 
4.2 Electron probe analyses 
Major element contents of the minerals were analysed by energy dispersive 
spectrometry on the fully automated Cameca Camebax electron microprobe in the Research 
School of Earth Sciences, The Australian National University, using methods of Ware (1991 ). 
Beam current was 4 to 6 nA, and accelerating voltage 15 kV. 
Analyses of anhydrous minerals (olivine, orthopyroxene, clinopyroxene and 
plagioclase) were normalised to 100% and all iron was assumed to be Fe2+. For chromite, 
magnetite, spine! or ilmenite analyses, Fe3+ and Fe2+were calculated to achieve charge balance 
according to appropriate stoichiometry. For amphibole, there is no unique Fe3+ /Fe2+ ratio to be 
deduced by stoichiometry constraints and analyses are reported with total Fe as Fe2+ and total 
normalised to 98 wt% oxides, excluding H20, Cl or F. A number of conventions for site 
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allocation and Fe3+/Fe2+ calculation were explored using a spread-sheet derived from Leake 
(1978), Rock & Leake (1984) and Mogessie et al., 1990. Four conventions were used: 
(a) All Fe was assumed to be Fe 2+. This assumption requires the maximum number of cations 
to achieve charge balance with 23 O,considering the convention of allocation of cations to the 
T-site (Si, AIIV), Ml, M2 and M3 sites (Ti, AlVI, Fe3+, Cr, Mg, Fe2+, Mn, Ni and Ca if Ca>2 
per 23 0), M4 site (Ca, Na, and Fe++ if Ti, AIIV, Fe3+, Cr, Mg, Fe2+, Mn, Ni>5) and 'vacant' 
or A-site (K, Na). 
(b) An arbitrarily assumed fixed percentage of total Fe as Fe 2+. A value of 15% was chosen 
and structural formulae, site allocation and P,T estimates made with Fe3+ /(Fe2+ + Fe3+) = 0.15. 
( c) It was assumed that, with a total ionic charge of 46, the sum of (T-site + MI, M2 and M3 
sites )=13, that Ca does not enter theM l ,M2,and M3 sites and no Fe2+ enters the M4 site. In 
many amphiboles calculated in this way, Fe3+ /Fe3+ ratios are unrealistically high and Fe2+ may 
even be zero. 
( d) It was assumed that, with a total ionic charge of 46, the sum of T-site + MI, M2 and M3 
and (Ca in M4) = 15 and all (Na + K) are placed in the A-site. This method gives realistic 
Fe3+/Fe2+ ratios and Mg# (Mg/Mg+Fe2+) in comparison with coexisting olivine, orthopyroxene 
and clinopyroxene. The method calculates zero Fe3+ for some amphiboles in which the sum of 
(T + Ml-4)<15 and some Na is allocated to the M4 site. This method of calculation results in 
high A-site occupation but less than in method (a). After trialling these options, it was decided 
to calculate Fe3+/Fe2+ on both '(a)' and '(b)' assumptions for all rocks from amphibolite through 
to the Transition Zone. This then enabled a comparison of amphibole solid solution 
components among the different rock types, seeking differences or similarities within banded 
samples at hand specimen, outcrop and traverse scales. 
Using the compositions, the spread-sheet was used to estimate temperature and pressure 
of crystallisation of the mineral assemblages. Pressures estimated using the methods described 
in Hammarstrom and Zen (1986), Hollister et al. (1987), Johnson and Rutherford (1989) and 
Schmidt (1992) are tabulated in Appendix 3. In the granulites and transition zone rocks, the 
two-pyroxene geothermometer of Wells (1977) was used to estimate crystallisation 
temperatures. 
4.3 Emo Metamorphics 
The greenschists immediately west of the metamorphic sole have an albite-quartz-actinolite-
clinopyroxene ± epidote ± titanite assemblage (e.g., sample7434, Enawa River). Sample L2 
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from Labai Creek is texturally more foliated than 7434, and the modal amphibole and chlorite 
increase by approximately 50%. Amphibole in the assemblage is actinolite with maximum Ti02 
contents of 0.72 wt% and 100Mg/Mg+Fe2+ of 53-65.1 (Table 4.1, Figure 4.1). It co-exists 
with albite in 7434 and oligoclase(An293) in L2, chlorite (Mg#49), clinopyroxene (Mg#81), 
epidote and quartz (Table 4.2). The clinopyroxene in both L2 and 7434 is augite with ~5% 
A'203 and ~0.5% Ti02,and is inferred to be relict from a precursor basaltic or dolerite 
mineralogy. Occurrence of quartz is consistent with high bulk rock Si02. The higher Ti02, 
higher Al 1v, and Na+K at A-site content in L2 amphibole indicate higher equilibration 
temperature. Amphibole in L2 has higher Na at A-site (0.131 pfu), Alv1<1.8, Si in the range 6.0-
7.7, and plagioclase with Xan <0.9 making it possible to apply the Blundy and Holland (1994) 
geothermometer based on the edenite exchange vector-(NaAI) (Si)_ 1 and plagioclase vector 
component-(NaSi) (CaAl)_1 between amphibole and plagioclase. An equilibration temperatures 
of 605-620°C at 2-4 kbar was calculated using the Blundy and Holland (1994) geothermometer 
on co-existing amphibole-plag pair in the quartz -present sample L2. Davies (1980) and Davies 
and Jaques (1984) 
Table 4.1. Mineral analyses of Emo Metamorphics 
Sample 7434 L2 7434* L2* 
Mineral analysed arnph amph plag chi cpx plag chi ep titanite CPX 
Si02 55.48 51.08 Si02 69.83 31.44 51.71 62.10 31.45 39.l l 30.46 50.88 
Ti02 0.00 0.72 Ti02 n.d n.d 0.65 n.d n.d 0.15 39.81 0.41 
Al203 0.51 3.86 Al203 20.36 15.63 2.71 23.13 15.61 23.69 - 3.39 
Cr203 0.00 0.00 Cr203 n.d n.d 0.59 n.d n.d 
- - 0.01 
FeO 14. 14 19.20 Fe203 11.89 - 0.12 
MnO 0.20 0.31 FeO 0.11 26.10 7.05 0.00 25.88 
-
0.10 8.94 
MgO 14.80 11.15 MnO n.d 0.21 0.21 n.d 0.17 - - 0.31 
Cao 12.60 I0.01 MgO n.d 14.13 16.38 n.d 14.20 - - 14.74 
Na20 0.27 1.68 Cao n.d 1.72 20.27 6.15 1.69 24.74 27.12 21.15 
K20 0.00 0.00 Na20 11.92 0.18 0.16 8.18 0.19 - 0.420 0.20 
Total 98.00 98.00 K20 0.15 n.d n.d 0.05 n.d - - 0.01 
No. of oxygens 23 23 Total 102.4 89.41 99.74 99.61 89.19 99.51 97.47 100.16 
Si 7.957 7.517 Oxygens 32 28 6 32 28 13 20 6 
Al iv 0.043 0.483 Si l l.914 6.492 l.912 l 1.006 6.494 3.211 4.042 l.917 
Tsite 8.000 8.000 Al 4.093 3.804 0.118 4.912 3.801 2.357 
-
0.121 
Alvi 0.044 0.188 Ti - n.d 0.018 - n.d 0.009 3.962 0.018 
Ti 0.000 0.079 Cr - n.d 0.017 - n.d - - 0.018 
Cr 0.000 0.000 Fe3+ - - - - 0.857 -
Fe3+ 0.254 0.354 Fe2+ 0.016 4.507 0.218 - 4.500 - 0.015 0.218 
Mn 0.024 0.038 Mn - 0.004 0.007 - 0.007 - - 0.007 
Mg 3.164 2.445 Mg 
- 4.348 0.903 - 4.345 - - 0.903 
Fe2+ 1.413 1.896 Ca - 0.381 0.803 1.187 0.383 2.184 3.902 0.803 
Ca 0./01 Na 3.943 0.071 0.012 2.858 0.074 
- 0.102 0.012 
MI.M2.M3 site 5.000 5.000 K 0.033 n.d n.d n.d - - n.d 
Fe2+ 0.073 Sum 19.998 19.61 4.008 19.963 19.604 8.605 12.023 4.017 
Ca 1.835 1.579 Mg# 49 81 49 - - 81 
Na 0075 0.348 An 0 - - 29.3 - -
M4site 1.910 2.000 
Na O.l3l 
K 0.000 
A site 0.131 
SUM 14.9!0 15.131 
Mg#a 69.l 56.3 
Mg#b 65.l 53.0 
*quartz is present, a Mg#= 100Mg/(Mg+Fe2+), b Mg#= IOOMg/Mg+Fe 
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suggested that the Emo Metamorphics crystallised at 4-8 kbar and 300-450°C, and Worthing 
(I 988) suggested that the Emo Metamorphics were metamorphosed at 320°C and 7 kbar based 
on the stability fields of lawsonite and greenschist facies. Absence of glaucophane, and 
lawsonite (in the samples studied) confirm low-pressure greenschist facies metamorphic 
conditions and high equilibrium temperature in L2 indicates recrystallisation of parts of Emo 
Metamorphics down-section of the metamorphic sole at epidote-amphibolite facies conditions. 
4.4 Amphibolite 
The electron microprobe data for the amphiboles are presented in Table 4.2. The 
analyses for plagioclase, clinopyroxene, epidote, magnetite, titanite, and chlorite are presented 
in Table 4.3. The electron microprobe data for the minerals in the three amphibolite 
assemblages is discussed and pressure and temperature are estimated. 
4.4.1 plagioclase-quartz-blue green hornblende± epidote ± clinopyroxene ± magnetite 
assemblage 
Blue-green amphibole in 7491 and 7495 is magnesia-hornblende with Mg#60 and Ti contents of 
0.21-0.44 wt %, T site AIIV contents of 1.131-1.382, no Na at M4, Na at A-site of 0.348-0.439 
pfu, and K contents of 0.020-0.023 pfu (Table 4.2). Amphibole in 7491 has higher Mg, Ca, and 
Fe2+ contents but lower in AIIV, AlVI, Fe3+ and contain no Na at M4 site. Co-existing 
clinopyroxene has Mg#74, and plagioclase range in composition from Anl2 in 7491 to An35 in 
7495. Presence of magnetite in 7491 suggest high Fe3+ activity in the rock. Equilibration 
temperatures of 574-688°C at 2-4 kbar was calculated using the Blundy and Holland (1994) 
geothermometer on co-existing amphibole-plagioclase pair in 7491, and 672-729°C at 2-4 kbar 
for sample 7495. The higher anorthite content (An35), absence of epidote and higher Ti02 
content in hornblende in 7495 probably reflect higher equilibration temperature. Lack of 
clinopyroxene, epidote and magnetite in 7495 suggest different bulk compositions, and presence 
of epidote in 7491 suggest epidote amphibolite facies conditions. 
4.4.2 plagioclase-brown hornblende ± chlorite ± quartz assemblage (7460, 7544, 7571, 
7595, 7950, 7601) 
Brown hornblende in this assemblage has Mg# of 65.5-75.8, Ti contents of 0.096-0.200 pfu, 
AIIV contents of 0.993-1.446, with AlVI contents at M4 site of 0.168-0.344, Fe2+ of 0.903-
1.430, Ca contents at M4 is 1.631-1.764, Na at M4 site only occurs in 7595 and (Na+K) at A 
site range from 0.274 to 0.503, K contents range from 0.009-0.032 (Table 4.2). The Ti content 
of 0.200 in 7544 is the highest for assemblages (i), (ii) and (iii). The plagioclase composition is 
An28.2 for sample 7544, but more calcic (An51.8 and An59.4) in 7950 and 7601 respectively. 
More albite-rich (Anl-8) plagioclase occur in samples 7460,7571, 7595; all of which contain 
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saussuritized plagioclase with clear albite veinlets. The albite veinlets are secondary in origin. 
Clinopyroxene (only in 7544) has Mg#74, chlorite is Mg#68, and epidote is absent. Equilibration 
temperatures of 768-825°C at 2-4 kbar were calculated using the Blundy and Holland (1994) 
geothermometer on co-existing amphibole-plagioclase pair in quartz-bearing sample 7544. 
Quartz is rare to absent and indicates that the assemblage is associated with a low Si02 high 
MgO bulk composition. 
Table 4.2 Analyses of amphiboles in amphibolites 
Sample 7491 7495 7571 7595 7460 7544 7485 7486 7601 7950 
Si02 46.87 45.13 48.13 46.80 46.70 45.14 43.96 43.67 45.99 47.71 
Ti02 0.21 0.44 0.88 1.54 0.92 1.84 1.76 1.67 1.20 1.40 
Al203 8.77 11.05 6.77 7.67 9.44 9.87 12.91 13.09 9.28 8.09 
Cr203 0.00 0.09 0.10 0.00 0.09 0.09 0.13 0.34 0.00 0.08 
FeO 15.48 15.29 14.98 15.96 12.65 12.56 9.16 8.85 16.00 14.02 
MnO 0.31 0.26 0.19 0.29 0.20 0.16 0.18 0.13 0.19 0.12 
MgO 12.76 12.32 14.68 13.63 15.76 15.33 16.19 16.15 12.74 14.22 
Cao 12.27 11.74 I 1.28 10.65 10.95 11.19 11.61 11.68 11.24 11.01 
Na20 1.22 1.54 0.94 1.30 1.20 1.72 1.77 1.97 1.19 1.21 
K.20 0.11 0.12 0.05 0.17 0.11 0.11 0.33 0.45 0.16 0.14 
Total 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Oxygens 23 23 23 23 23 23 23 23 23 23 
Si 6.869 6.618 7.007 6.859 6.740 6.554 6.308 6.272 6.737 6.906 
A!IY l.131 1.382 0.993 1.141 1.260 1.446 1.692 1.728 1.263 1.094 
Tsite 8000 8000 8000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
A!YI 0.385 0.528 0.168 0.183 0.344 0.243 0.491 0.488 0.339 0.287 
Ti 0.023 0.049 0.096 0.170 0.100 0.200 0.189 0.181 0.132 0.153 
Cr 0.000 0.011 0.011 0.000 0.010 0.010 0.015 0.039 0.000 0.010 
Fe3+ 0.284 0.281 0.273 0.293 0.228 0.228 0.165 0.159 0.293 0.254 
Mn O.Q38 0.033 0.023 0.036 0.024 0.020 0.022 0.016 0.024 0.014 
Mg 2.788 2.694 3.185 2.978 3.390 3.318 3.463 3.459 2.782 3.069 
Fe2+ 1.483 1.405 1.242 1.340 0.903 0.981 0.655 0.658 1.430 1.214 
Ml,M2,M3 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
Fe2+ 0.098 0.157 0.277 0.290 0.369 0.290 0.261 0.228 0.236 0.229 
Ca 1.902 1.843 1.723 1.672 1.631 1.710 1.739 1.772 1.764 1.708 
Na O.Q38 0.000 0.064 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0.024 0.001 0.037 0.000 0.062 0.030 0.046 0.025 
Na 0.348 0.439 0.265 0.331 0.335 0.483 0.491 0.548 0.338 0.277 
K 0.020 0.023 0.009 0.032 0.020 0.020 0.061 0.083 0.030 0.025 
A site 0.392 0.463 0.311 0.363 0.416 0.534 0.597 0.655 0.367 0.302 
SUM 15.392 15.463 15.311 15.363 15.416 15.534 15.597 15.655 15.367 15.302 
Mg#• 65.3 65.7 71.9 69.0 79.0 77.2 84.1 84.0 66.0 71.7 
Mg#b 62.0 62.4 68.6 65.5 75.8 74.1 81.6 81.5 62.9 68.7 
AllY 1.131 1.382 0.993 1.141 1.260 1.446 1.692 1.728 1.263 1.094 
AIYI 0.385 0.528 0.168 0.183 0.344 0.243 0.491 0.488 0.339 0.287 
Ti in M site 0.023 0.049 0.096 0.170 0.100 0.200 0.189 0.181 0. 132 0.153 
Na in M4 site 0.038 0.000 0.064 
Na+ Kin A site 0.368 0.462 0.275 0.363 0.355 0.503 0.552 0.631 0.367 0.302 
a Mg#= 100Mg/(Mg+Fe2+), b Mg#= lOOMg/Mg+Fe 
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sample 7544. Quartz is rare to absent and indicates that the assemblage is associated with a low 
Si<}.i high MgO bulk composition. 
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Figure 4.1 . Plots of Al(IV) versus Na + K(A) (upper right), Al (IV) versus AJ(VI) (upper left) , Na(M4) 
versus Na+K (A) (right middle), and Na (M4) versus AJ(VI) (left middle), Al(IV) versus Mg# (bottom 
right), Al (IV) versus Ti at M-site (bottom left) for hornblende in amphibolites. 
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Table 4.3 Other mineral analyses ofamphibolites 
7491* 7495 7571 7595 7460 7544 7485 7601 7950 
* 
plag ep mag plag cpx plag ch! plag plag plag mag plag plag 
Si02 65.34 38.61 1.86 59.65 51.79 66.62 25.56 65.58 67.93 60.31 0.21 52.45 53.38 
Ti02 - 0.13 1.95 - 0.34 - - - - - 4.38 0.00 0.00 
Al203 21.71 24.24 1.72 25.62 3.48 20.40 18.19 22.14 20.19 24.86 1.96 30.86 30.71 
Cr203 - - - - 0.04 - - - - - 5.72 0.00 0.00 
Fe203 - 12.45 88.91 0.21 0.36 - - - - - 52.02 0.14 0.13 
FeO 0.22 - - - 8.81 0.33 17.03 0.16 - - 33.44 0.00 0.00 
MnO - - 0.25 - 0.28 0.13 0.25 - - - 0.66 0.00 0.00 
MgO - - I.97 - 14.28 - 20.41 - - - 0.19 
Cao 2.51 24.55 - 7.13 20.27 110 - 1.64 0.24 5.94 0.1 12.00 10.40 
Na20 10.14 - - 7.27 0.35 11.25 - 9.78 11.55 8.37 0.19 4.54 5.35 
K20 0.09 - - - 0.03 0.15 - 0.70 - - 0.05 0.00 0.00 
Total 99.92 99.98 96.66 4.982 100.1 99.83 81.44 99.30 99.00 99.48 98.92 99.99 99.97 
Oxygens 32 13 4 32 6 32 13 32 8 32 4 32 32 
Si 11.630 3.197 0.082 10.674 1.922 11.684 2.593 11.657 2.969 10.786 0.008 9.469 9.700 
Al 4.555 2.365 0.089 5.403 0.152 4.216 2.175 4.637 1.040 5.239 0.088 6.564 6.575 
Ti 
-
0.008 0.065 - 0.009 - - - - 0.081 0.020 0.020 
Cr - - - - 0.001 - - - - 0.019 0.000 0.000 
Fe3+ - 0.864 3.288 - 0.010 - - - - 1.725 0.000 0.000 
Fe2+ 0.032 
- -
0.032 0.273 0.048 1.447 0.024 - 1.022 0.000 0.000 
Mn - 0.009 0.020 0.022 - - 0.003 0.000 0.000 
Mg 
-
0.130 0.790 - 3.086 - - 0.028 0.000 0.000 
Ca 0.477 2.178 
-
1.369 0.806 0.207 - 0.311 0.011 1.137 0.028 2.322 2.024 




- - - - 0.002 0.000 0.000 
Sum 20.198 8.612 3.664 20.000 4.000 20.000 9.320 20.000 5.000 20.064 2.999 19.96 20.20 
4 6 
Mg# 
- - - -
74 
-
68 - - - 3 
- -
An 12 35 5 - 8 1 28.2 - 59.4 51.8 
*quartz is present in thin section 
4.4.3 brown hornblende± magnetite assemblage (hornblendites) 
The amphibole analyses are given in Table 4.2 and magnetite analyses are given in 
Table 4.3. Coarse unfoliated brown amphibole in 7485 and 7486 is tschermakite with low Si of 
6.200-6.224 pfu and high Mg# of 81.5 (Table 4.2). Al1v contents are also high, ranging from 
1. 776-1.800, and Alv1 range from 0.379-0.390. Ti contents are consistently high at 0.179-0.187 
pfu. Ca contents are higher than Ca at M4 site in assemblage (ii) amphibolites and there is less 
Fe 2+ in the M4 site. (Na+K) in the A-site is higher than those of assemblage (ii) amphibolites. 
Figure 4.1 shows that the main substitutions are tschermakite and pargasite components. 
The coarse-grained and unfoliated hornblendes in the hornblendite indicate annealing effects or 
post-tectonic recrystallization at higher temperature. The amphiboles in the blue-green 
hornblende bearing amphibolites have Mg# of 62-62.4, brown hornblende bearing amphibolites 
have Mg# of 65.1-74.8, and the hornblendites Mg# of 81.5-81.6, and reflects bulk Mg# of the 
rock. Average Ti in M site in blue-green hornblende is 0.036 pfu, and it increases to averages of 
48 
Chapter 4: Mineral Chemistry 
0.235 pfu in the brown hornblende amphibolite, and 0.490 pfu in the hornblendite, and the Ti 
variations are unrelated to the bulk Ti02 content. Figure 4.1 shows that the increase in AIVI 
with AIIV at T site (Fig. 4.1 a) is related to increase in Na + K at A site (Fig. 4.1 e) for the Emo 
Metamorphics and the three amphibolite types. The principal variation is the simultaneous 
substitution of Al1v in the T site, and Na+K into the A site (Fig. 4.1, top right). The strong 
positive correlation of these two substitutions indicate that the bulk of A site cations is coupled 
to Al 1v substitutions. Lesser positive corelations between tri- and tetravalent cations Alv1, Ti4+, 
and Fe3+ indicate that Al1v introduction may be charge balanced by these cations, but that 
coupling is less strong. 
Clinopyroxene 111 7495 has Mg#74 (Table 4.3) 20.27% CaO, 3.5% Al20 3• 
Clinopyroxene in amphibolites has lower Mg# compared with clinopyroxenes in the Emo 
Metamorphics. Quartz is present in samples 7491 and 7495. Orthopyroxene is absent in the 
amphibolites. Sample 7 495 gave a temperature of706°C ± 40°C at 4 kbars, and 7 l 9°C ± 40°C at 
6 kbar based on the hornblende-plagioclase thermometer of Blundy and Holland ( 1990). During 
prograde reaction amphibole changed composition from actinolite to magnesio-hornblende 
containing more Al and Na, plagioclase changed composition to oligoclase, probably due to 
dehydration of epidote into an anorthite component. 
4.5 Granulite 
Plagioclase, brown hornblende, orthopyroxene, clinopyroxene and olivine are the major 
silicate phases in the granulites. Trace ilmenite and magnetite also occur in the granulites. 
Mineral chemistry data of each of these phases are described. 
4.5.1 Granulite mineral chemistry 
Plagioclase 
Analyses of plagioclase grams 111 the granulites are presented in Table 4.4. Plagioclase 
composition range from An1s to An96.7 and plotted along the albite-anorthite line in the Al203-
Ca0-Na20 diagram (Fig.4.2). The co-existing hornblendes are also Al-rich but have higher Na 
contents than amphibolites (Fig. 4.2). The simultaneous substitution of Al in high-An 
plagioclase and co-existing hornblende (Fig. 4.2) is due to higher temperature of equilibration 
(e.g., Blundy and Holland, 1990) towards the base of the cooling ophiolite. 
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Hornblendes 
Hornblendes become more red-brown towards the ophiolite contact and is represented by 
samples 7479, 7480, 7493, 7494, 7536, 7552, 7567, 7589, 7590, 7598, 7604,7442, 7448,7450 and 
LC3, and samples TLa972, TLa973-1, and TLa973-2 occur ~100 m downstream from the contact, 
and 7481 occur ~120 from the contact. Samples TLa972, TLa973-1, and TLa973-2 were chosen for 
individual analysis because they occur away from the zone of intense mylonitisation at the contact. 
Figure 4.3 shows cations AIIV, AIVI, (Na+K) at A-site, Na at M4-site, Ti at M-site, Mg#b 
(Mg/(Mg+Fe)) variation from grain to grain in three individual granulite samples (see Table in 
Appendix 2 for individual analyses). The plots of individual analyses in a single thin section, 
illustrated for three samples in Figure 4.3 shows that there is significant variation of hornblende 
composition, including Mg#, (Na+ K) in A-site and Ti in M-site. These variations suggest that the 
processes of metamorphism, including possible melting and melt extraction, have been too rapid to 
equilibrate and homogenise mineral compositions. Mineral compositions appear to reflect both very 
small localised chemical systems and arrested processes of change of mineral composition, e.g., 
TLa972 shows considerable variation compared to hornblende compositions in TLa973-1 and 
Tla973-2 within the same location in the sole, and so an average composition would be more 
representative. 
Average hornblende analyses from all samples are given in Table 4.5. Al1v ranges from 
l.198-l.491pfu, Alv1 0.181-0.586 pfu, Ti 0.179-0.4llpfu, Na at M4 site 0-0.146, and Mg#b 65.2-
82.9. The plots of average compositions (Fig. 4.4) shows that Al 1v in the hornblendes correlates 
positively with (Na+K) at A-site, and increases towards the current ophiolite contact (Figure 4.4, top 
right hand). Alv1, Na at M-site, Ti, and Mg# also show general increase towards ophiolite contact 
(with respect to sample 7481, lowest grade granulite and furthest from contact) but not as 
pronounced as variation in Al\1v and (Na+K) at A-site. The positive correlation between Al1v and A-
site occupancy is due to simultaneous substitution of Al into the tetrahedral site and (Na+K) into the 
A-site of the hornblende structure (Fig. 4.4) with increasing temperature (e.g., Blundy and Holland, 
1990) at the ophiolite contact. (Na+K)-rich hornblende at the ophiolite contact co-exists with 
anorthite-rich plagioclase (Figure 4.2). 
Though the (Na+K) at A-site increases towards the contact, this is not true when you look at 
Ti, Mg#, AIVI and Na at M4 data for Tla972, TLa973-1 and TLa973-2 (the next group of granulites 
furthest from the ophiolite contact). For example, Ti in TLa972 (0.344 pfu) is higher than contact 
granulite 7479 (0.306 pfu). Tla973-1 and Tla973-2 also have higher Mg# than most contact 
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granulites (e.g., LC3 and 7479). These variations (apart from Na+K at A-site) may instead be 
attributed to bulk composition variation. 
T bl 4 5 H bl d a e om en e analyses 
Analysis 1 2 3 4 5 6 7 8 9 10 
Sample 7481 7993 7442 7536 TLa973-2 TLa972 Tla973-1 7598 7479 7567 
Si02 46.56 45.83 45.19 45.38 44.45 44.19 44.05 44.10 43.97 44.15 
Ti02 1.63 2.41 1.80 2.00 2.02 3.17 2.11 2.15 2.82 1.96 
Al203 8.01 9.62 12.98 12.13 13.21 11.77 13.27 10.98 11.58 12.13 
Cr203 0.10 0.09 0.13 0.12 0.38 0.23 0.38 0.10 0.10 0.17 
FeO 14.66 11.58 7.73 8.30 7.86 10.26 8.28 12.12 10.22 10.26 
MnO 0.21 0.09 0.10 0.12 0.00 0.00 0.00 0.20 0.16 0.22 
MgO 13.55 14.53 16.29 16.31 16.12 14.19 15.58 14.01 14.84 15.56 
Cao 11.68 11.92 12.06 11.86 11.90 11.58 11.89 12.21 11.90 11.40 
Na20 1.50 1.74 1.57 1.65 1.40 2.36 1.68 2.09 2.26 2.03 
K20 0.10 0.20 0.15 0.14 0.51 0.06 0.63 0.05 0.15 0.12 
Total 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Oxygens 23 23 23 23 23 23 23 23 23 23 
Si 6.802 6.625 6.415 6.458 6.338 6.378 6.308 6.418 6.351 6.356 
AIIY 1.198 1.375 1.585 1.542 1.662 1.622 1.692 1.582 1.649 1.644 
Tsite 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
A!Vl 0.181 0.264 0.586 0.492 0.559 0.380 0.547 0.302 0.322 0.414 
Ti 0.179 0.263 0.192 0.214 0.217 0.344 0.227 0.235 0.306 0.212 
Cr 0.012 0.010 0.015 0.014 0.043 0.026 0.043 0.012 0.011 0.020 
Fe3+ 0.268 0.210 0.137 0.148 0.141 0.186 0.148 0.221 0.185 0.185 
Mn 0.026 0.011 0.012 0.015 0.000 0.000 0.000 0.024 0.020 0.027 
Mg 2.950 3.130 3.446 3.460 3.427 3.054 3.326 3.039 3.195 3.340 
Fe2+ 1.383 1.113 0.612 0.657 0.614 1.010 0.707 1.167 0.962 0.802 
Ca at M3 
MJ,M2,M3 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
Fe2+ 0.140 0.077 0.168 0.182 0.185 0.045 0.135 0.086 0.088 0.248 
Ca 1.827 1.845 1.832 1.808 1.815 1.790 1.824 1.903 1.842 1.752 
Na 0.033 0.078 0.000 0.010 0.000 0.165 0.041 0.011 0.070 0.000 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0.002 0.003 0.006 
Na 0.392 0.409 0.432 0.445 0.387 0.495 0.426 0.578 0.562 0.567 
K 0.019 0.036 0.028 0.026 0.093 0.012 0.114 0.010 0.028 0.022 
A site 0.4JJ 0.445 0.462 0.470 0.483 0.507 0.540 0.588 0.589 0.595 
SUM 15.411 15.445 15.462 15.470 15.483 15.507 15.540 15.588 15.589 15.595 
Mg#a 68.1 73.8 84.9 84.0 91.3 74.3 92.2 72.2 76.9 80.6 
Mg#b 65.2 71.2 82.9 81.9 78.5 71.1 77.1 69.6 74.5 78.1 
AIIV 1.198 1.375 1.585 1.542 1.662 1.622 1.692 1.582 1.649 1.644 
AIVI 0.181 0.264 0.586 0.492 0.559 0.380 0.547 0.302 0.322 0.414 
Ti in M site 0.179 0.263 0.192 0.214 0.217 0.344 0.227 0.235 0.306 0.212 
Na in M4 site 0.033 O.D78 0.000 0.010 0.000 0.165 0.041 0.011 0.070 0.000 
Na+ K in A site 0.411 0.445 0.460 0.470 0.480 0.507 0.540 0.588 0.589 0.589 
a Mg#= 100Mg/(Mg+Fe2+), b Mg#= lOOMg/Mg+Fe 
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(Table 4.5 Hornblende analyses continued) 
Analysis 11 12 13 14 15 16 17 18 19 20 21 
Sample 7589 7450 7480 7604 7552 7590 7494 7448 7967 LC3 7493 
Si02 42.38 44.05 44.13 42.80 41.91 42.37 42.69 42.52 43.31 41.67 41.81 
Ti02 3.70 1.98 2.11 2.79 3.75 3.30 2.91 3.20 2.96 3.33 3.17 
AI203 12.96 13.07 11.24 13.11 12.86 13.01 13.04 13.36 12.96 12.92 13.38 
Cr203 0.13 0.18 0.10 0.23 0.10 0.15 0.81 0.22 0.43 0.61 0.36 
FeO 9.65 8.18 10.38 8.84 11.83 9.67 7.49 8.55 7.30 9.82 9.32 
MnO 0.19 0.13 0.14 0.16 0.09 0.16 0.10 0.14 0.09 0.00 0.24 
MgO 14.65 16.10 15.71 15.51 13.17 14.69 15.84 15.19 16.19 14.31 14.71 
Cao 11.91 11.99 11.90 12.23 11.43 12.00 12.52 12.06 11.74 12.38 12.05 
Na20 2.38 2.03 2.12 2.23 2.80 2.54 2.26 2.65 2.61 2.86 2.83 
K20 0.05 0.29 0.18 0.09 0.05 0.11 0.34 0.10 0.41 0.09 0.13 
Total 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Oxygens 23 23 23 23 23 23 23 23 23 23 23 
Si 6.124 6.298 6.375 6.161 6.114 6.129 6.135 6.122 6.202 6.060 6.059 
AIIV 1.876 1.702 1.625 1.839 1.886 1.871 1.865 1.878 1.798 1.940 1.941 
Tsite 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
AIVI 0.331 0.500 0.289 0.386 0.326 0.347 0.345 0.390 0.388 0.274 0.344 
Ti 0.402 0.213 0.229 0.302 0.411 0.359 0.315 0.347 0.318 0.364 0.346 
Cr 0.015 0.021 0.012 0.026 0.012 0.018 0.092 0.025 0.049 0.070 0.041 
Fe3+ 0.174 0.146 0.188 0.159 0.216 0.175 0.135 0.154 0.131 0.179 0.169 
Mn 0.023 0.016 0.017 0.019 0.011 0.020 0.012 0.017 0.011 0.000 0.029 
Mg 3.157 3.433 3.384 3.328 2.864 3.167 3.394 3.260 3.456 3.102 3.178 
Fe2+ 0.896 0.671 0.882 0.779 1.160 0.915 0.707 0.807 0.647 I.OJ I 0.893 
Ca at M3 
Ml,M2,M3 5.000 5.000 5.000 5.000 5.000 5.000 5.()00 5.000 5.000 5.000 5.000 
Fe2+ 0.094 0.160 0.184 0.126 0.068 0.080 0.058 0.068 0.096 0.004 0.067 
Ca 1.843 1.836 1.816 1.874 1.787 1.861 I.929 1.860 1.801 1.929 1.870 
Na 0.062 0.003 0.000 0.000 0.146 0.059 0.014 0.072 0.102 0.067 0.062 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0.025 0.011 
Na 0.603 0.559 0.594 0.623 0.646 0.653 0.616 0.668 0.621 0.739 0.734 
K 0.010 0.053 0.034 0.017 0.010 0.021 0.062 0.018 0.075 0.017 0.024 
A site 0.613 0.613 0.653 0.651 0.656 0.673 0.677 0.687 0.696 0.756 0.757 
SUM 15.613 15.613 15.653 15.651 15.656 15.673 15.677 15.687 15.696 15.756 15.757 
Mg#• 77.9 83.6 79.3 81.0 71.2 77.6 82.8 80.2 84.2 75.4 78.1 
Mg#b 75.5 81.6 76.9 78.8 68.5 75.3 80.8 78.0 82.3 73.1 75.8 
AIIV 1.876 1.702 1.625 1.839 1.886 1.871 1.865 1.878 1.798 1.940 1.941 
AIVI 0.331 0.500 0.289 0.386 0.326 0.347 0.345 0.390 0.388 0.274 0.344 
Ti in M site 0.402 0.213 0.229 0.302 0.411 0.359 0.315 0.347 0.318 0.364 0.346 
Na in M4 site 0.062 0.003 0.000 0.000 0.146 0.059 0.014 0.072 0.102 0.067 0.062 
Na+ Kin A site 0.613 0.613 0.627 0.640 0.656 0.673 0.677 0.687 0.696 0.756 0.757 
a Mg#= 100Mg/(Mg+Fe2+), b Mg#= 1 OOMg/Mg+Fe 
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Figure 4.3 . Plots of Al(IV) versus Na + K (A) (upper right), Al (lV) versus Al(VI) (upper left), 
Na(M4) versus Na + K (A) (right middle), and Na (M4) versus Al(Vl) (left middle), AJ(IV) versus 
Mg# (boltom right), Al (IV) versus Ti at M-site (bollom left) showing variation in individual 
amph.ibole composition in three granulite examples. 
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Figure 4.4. Plots of average Al(IV) versus Na+K (A) (upper right), Al (IV) versus Al(VI) (upper 
left), Na(M4) versus Na+K (A) (right middle), and Na (M4) versus Al(VI) (left middle), Al(IV) 
versus Mg# (bottom right), and Al (IV) versus Ti at M-site (bottom left) showing variation in 
amphibole chemistry in hornblende granulites 
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Hornblende in sample 7442 consist of ~65% of the rock and is a low-Ti hornblende (0.192 pfu). The 
low values can also be attributed to low Ti in original bulk rock, and to the abundance of hornblende. 
The effect of mylonitization and changes in bulk composition and temperature within the 
metamorphic sole can also cause variation in Ti content. 
Clinopyroxene 
Clinopyroxene analyses in granulites are presented in Table 4.6, and plotted in Figure 4.5. 
Al203 ranges from 0.95 to 4.25 wt% and is high in some clinopyroxenes in granulites close to the 
Table 4.6 Clinopyroxene chemistry 
Analysis 1 2 3 4 5 6 7 8 9 10 
Sample 7552 7481 7590 7604 7589 7598 TLa972 LC3 7448 7493 
Si02 51.34 51.78 51.92 54.51 50.99 51.72 52.52 49.52 51.21 50.94 
Ti02 0.65 0.22 0.61 0.92 0.95 0.24 0.58 0.83 0.96 0.69 
Al203 2.54 0.950 3.02 4.25 3.50 2.63 2.16 3.35 4.07 4.04 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.27 0.14 0.16 
Fe203 0.46 2.89 0.46 0.00 1.63 2.01 1.28 1.08 1.51 2.84 
FeO 9.12 7.40 5.51 7.05 5.27 6.32 6.51 5.48 4.57 4.17 
MnO 0.35 0.35 0.23 0.13 0.29 0.27 0.05 0.03 0.23 0.29 
MgO 13.75 13.58 15.58 19.98 14.74 14.39 14.70 14.60 14.69 14.76 
Cao 21.85 22.52 22.73 12.65 22.57 22.37 22.16 22.66 23.52 22.78 
Na20 0.00 0.24 0.00 0.49 0.23 0.25 0.00 0.00 0.21 0.34 
K20 0.00 0.06 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
Total 100.06 100.00 100.06 99.98 100.17 100.19 100.01 97.82 101.11 101.00 
Oxygens 6 6 6 6 6 6 6 6 6 6 
Si 1.919 1.942 1.917 1.931 1.911 1.950 1.946 1.881 1.871 1.865 
Al 0.112 0.042 0.115 0.083 0.131 0.179 0.094 0.15 0.175 0.174 
Fe3+ 0.013 0.082 0.056 0.034 0.013 0 0.036 0.031 0.042 0.078 
Fe2+ 0.285 0.232 0.196 0.251 0.169 0.211 0.202 0.174 0.140 0.127 
Mg 0.766 0.759 0.795 0.857 0.855 1.065 0.811 0.826 0.800 0.805 
Ca 0.875 0.905 0.888 0.829 0.896 0.485 0.880 0.922 0.921 0.893 
Na 0 0.018 0.018 0 0 0.034 0 0 0.015 0.024 
K 0 0.003 0 0 0 0 0.001 0 0 0 
Ti 0.018 0.006 0.007 0.011 0.017 0.025 0.016 0.024 0.026 0.019 
Mn 0.011 0.011 0.008 0.005 0.007 0.004 0.002 0.001 0.007 0.009 
Cr 0 0 0 0.003 0 0 0 0.008 0.004 0.005 
Total 4.000 4.000 4.000 3.990 4.000 3.953 3.953 4.017 4.000 4.000 
En 40 40 42 42 45 60 60 43 43 44 
Fs 15 12 JO 12 9 12 12 9 8 7 
Wo 45 48 47 46 47 28 28 48 49 49 
Mg# 73 77 80 80 83 83 83 83 85 86 
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ophiolite contact but does not vary strictly with distance from the contact (except with respect to 
sample 7481). Cr203 (range from 0-0.27) shows positive correlation with Mg# (range from 73-86) 
and this may indicate bulk composition variation. Figure 4.5 shows that Al203 content increases 
with Mg# in clinopyroxene, but not for samples 7552, and 7604. The field for clinopyroxene in 
granulites overlap with the field for hornblende gabbro (Figure 4.5). Ti02 contents range from 
0.22 wt% (sample 7481) to 0.960 (7448). MnO contents range from 0.03 wt% (sample LC3) to 
0.35 wt% (samples 7481, 7552). Na20 contents reaches 0.49 wt% in sample 7604, and 0.34 wt% 
in sample 7494. 
5 I 6. 7448 ! , 
• 7493 j 
4 ~ A 7552 • 7481 :>< 0 TLa972 0. u j 7590 M 3 1 
* 0 CJ 7598 N 
-<t:: D 7604 
~ + LC3 0 2 ~ x 7589 
il # granulite average l 
i 
1 
t i ,, 
\i 
0 Ii I 
70 75 80 85 90 
Mg#cpx 
Figure 4.5. Plot of average wt% Al203 and Mg# in clinopyroxene showing overlap between 
hornblende gabbro and granulites. Average composition for all granulite data is also shown. 
Orthopyroxene 
The orthopyroxene analyses in granulites are presented in Table 4. 7 and plotted below in 
Figure 4.6. Mg# ranges from 59 ( 7481) to 84 (7494), Al203 ranges from 0.30 wt% (7481) to 2.39 
wt %. Though contact sample 7494 has the most Al203-rich orthopyroxene, the Al203 content in 
orthopyroxenes in Tla973- l and TLa973-2 are higher than some other contact samples. Cr203 
contents is present in high Mg# orthopyroxenes, and reaches 0.22 wt% in sample 7494. 
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Orthopyroxene compositions of granulites and hornblende gabbro and gabbro overlap, but the 
orthopyroxene in the granulites extend to lower Ali03 and Mg#. In the Transition zone lherzolites 
and pyroxenites and PUB harzburgites Mg# is >88 (Fig. 4.6). Ti02 content in the orthopyroxene 
range from 0 to 0.25 wt% in sample 7494 and does not correlate with distance from the ophiolite 
contact. CaO contents range from 0.17 wt% (sample 7479) to 1.05 wt % (sample 7590); sample 
7494 contains 1.02 wt% CaO. MnO content ranges from 0.13 wt % (sample 7967) to 0.49 wt % 
(sample 7481 ). 
T bl 4 7 0 l a e rt 1opyroxene ana 1yses 
Analysis I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 
Sample 7481 7487 7993 7479 7590 7480 Tla972 7448 7604 7450 7442 TLa973 7967 Tla973- 7494 
-1 2 
Si02 52.18 53.70 57.00 55.40 54.50 53.90 54.60 54.66 54.10 54.88 53.99 54.76 56.80 54.73 54.70 
Ti02 0.09 0.15 0.25 0.17 027 0.11 0.20 0.19 0.23 
Al203 0.30 0.77 1.06 0.23 1.55 1.07 1.29 1.93 1.65 1.41 1.78 2.18 1.48 2.05 2.39 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.02 0.22 
Fe203 1.08 1.44 0.00 0.26 1.84 2.84 0.05 1.57 0.00 0.36 2.34 2.22 0.84 
FeO 25.18 17.80 16.90 16.50 15.70 14.90 14.47 13.80 13.70 13.41 13.13 11.92 12.60 I 1.31 9.96 
MnO 0.49 0.33 0.21 0.35 0.24 0.44 0.23 0.34 0.24 0.22 0.30 0.18 0.13 0.17 0.32 
MgO 20.20 25.50 24.00 27.60 26.80 27.20 25.63 28.21 27.90 28.50 28.24 27.86 30.40 28.97 30.30 
Cao 0.51 0.51 0.31 0.17 1.05 0.48 0.92 0.84 1.03 0.76 0.69 0.76 0.52 0.55 1.02 
Total 99.94 100.14 99.48 100.51 99.99 99.83 100.23 100.00 100.46 99.18 98.60 100.24 101.93 100.21 99.98 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.980 1.960 2.060 1.990 1.970 1.950 1.979 1.954 1.940 1.972 1.954 1.956 1.980 1.949 1.930 
Al 0.010 0.030 0.050 0.010 0.070 0.050 0.055 0.081 0.070 0.060 0.076 0.092 0.060 0.086 0.100 
Fe3+ 0.030 0.040 0.010 0.050 0.078 0.001 0.040 0.000 0.010 0.063 0.059 0.020 
Fe2+ 0.800 0.550 0.510 0.500 0.480 0.450 0.439 0.413 0.410 0.403 0.397 0.356 0.370 0.337 0.290 
Mg !140 1.390 1.290 1.480 1.440 1.470 1.385 1.503 1.490 1.527 1.524 1.484 1.570 1.538 1.590 
Ca 0.020 0.020 0.010 0 010 0.040 0.020 0.036 0.032 0.040 0.029 0.027 0.029 0.020 0.021 0.040 
Ti 0.000 0.000 0 000 0.000 0.007 0.005 0.010 0 000 0.003 0.005 0.000 0.005 0.010 
Mn 0.020 0.010 0.010 0.010 0.010 0.010 0.007 0.010 0.010 0.007 0.009 0.006 0.000 0.005 0.010 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.010 
Total 4.000 4.000 3.930 4.010 4.010 4.000 3.986 3.999 4.010 3.998 4.000 3.992 4.000 4.001 4.000 
En 58 71 71 75 74 76 71 77 77 78 78 76 80 79 83 
Fs 41 28 28 25 24 23 27 21 21 21 20 22 19 20 15 
Wo I I 1 0 2 I 2 2 2 I I 2 I I 2 
Mg# 59 72 72 75 75 76 76 78 78 79 79 81 81 82 84 
Olivines: Olivine analyses are presented in Table 4.8. Olivine is chrysolite and Mg# ranges from 
73 (samples 7589, LC3) to 82 (sample 7494) and does not correlate with distance from ophiolite 
contact; LC3 occurs higher in the contact than 7494. Tla973-2 occurs downstream from 7494 and 
LC3, but has higher Mg# (77). Mg# variation in olivine reflect bulk composition or re-equilibration 
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Spinel: The spinel analyses are given in Table 4.9. Spinel in 7480 is Al-poor, and Cr, Fe2+ and Fe3+ 
rich compared to aluminous spinels in 7589, 7494, TLa973-I and TLa973-2. Plot of IOOCr/(Cr+AI) 
versus Mg# (Fig.4.7) shows that the aluminous spinels have higher Mg# and may reflect bulk 
composition differences. Ti02 contents range from 5.3 wt% (sample 7480) to 0.23 wt% in contact 
sample 7494. Spinel in 7589 is the most Al-rich spinel in the granulites (Cr#9). MnO contents 
range from 0 to 0.31 wt% in high-Ti spinel (sample 7480). 
4.0 
07481 •7448 
3.5 07487 CJ7604 I •7993 07450 3.0 
-l •7442 
J •7479 2.5 A Y7590 x Tla973-1 ~ ..• X6_···. 'i77480 • 7967 2.0 
* Tla972 A Tla973-2 ! 
1.5 J y + 7494 
f * 
1.0 i • 
0.5 Q 1 0 
• l 
' 
50 60 70 80 90 100 
Mg#opx 
Figure 4.6. Range of Al203 and Mg# compositions of orthopyroxene in granulites. A Hornblende gabbro 
field, B PUB ophiolite cumulate and gabbro field; C contact gabbro field; D Transition zone pyroxenites, 
lherzolites, websterites; E field for PUB harzburgite above the metamorphic sole. 
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Table 4.8 Olivine analyses 
Analysis I 2 3 4 5 6 7 8 9 
Sample 7589 LC3 7493 7604 7450 7442 7448 Tla973-2 7494 
Si02 36.63 38.14 38.8 37.9 39.09 39 39.38 38.71 38.92 
FeO 24.95 24.47 23.92 24.2 22.34 21.95 21.41 21.04 16.52 
MnO 0.39 0.22 0.29 0.31 0.18 0.2 0.27 0.19 0.26 
NiO 0 0 0 0 0 0 0 0 0.3 
CaO 0 0.11 0 0 0 0 0 0.55 0 
MgO 37.18 38.11 38.52 37.86 39.59 40.29 40.17 40.03 43.62 
Total 99.15 101.05 101.5 100.3 101.2 101.4 101.2 100.52 99.62 
Cations based on 4 oxygens 
Si 0.978 0.992 1.000 0.990 1.002 0.996 1.005 1.000 0.991 
Fe2+ 0.557 0.532 0.515 0.529 0.479 0.469 0.457 0.454 0.352 
Mg 1.479 1.477 1.479 1.474 1.513 1.534 1.528 1.541 1.655 
Mn 0.009 0.005 0.006 0.007 0.004 0.004 0.006 0.004 0.006 
Ni 0.000 0 0.000 0.000 0.000 0.000 0.000 0.000 0.006 
Ca 0.003 0.001 
Total 3.022 3.009 3.000 3.000 2.998 3.004 2.995 3.000 3.009 
Mg# 73 73 74 74 76 77 77 77 82 
Table 4.9 Spine! analyses 
~al~ses_l ___ 2 _" 3 4 5 
Sample 7480 7589 7494 Tla973- I Tla973-2 
Si02 0.23 0.10 0.03 0.00 0.00 
Ti02 5.37 0.46 0.23 0.63 0.87 
Al203 9.62 52.11 43.31 37.86 36.35 
V203 0.00 0.00 0.06 - -
Cr203 22.23 7.66 16.67 18.62 22.16 
Fe203 26.98 5.79 7.53 5.78 5.25 
FeO 34.99 21.25 22.85 29.46 26.74 
MnO 0.31 0.26 0.21 0.00 0.06 
NiO 0.00 0.00 0.28 - -
MgO 2.36 12.62 10.64 7.98 8.97 
Cao 0.09 0.00 0.00 0.10 0.09 
Total 102.18 100.25 101.81 100.43 100.49 
Cations based on 6 oxygens 
Si 0.008 0.003 0.001 0.000 0.000 
Al 0.393 1.689 1.451 1.362 1.301 
Fe3+ 0.703 0.120 0.161 0.133 0.120 
Fe2+ 1.014 0.489 0.543 0.752 0.680 
Mg 0.122 0.517 0.451 0.363 0.406 
Ca 0.003 0.000 0.000 0.003 0.003 
Ti 0.140 0.010 0.005 0.014 0.020 
Mn 0.009 0.006 0.005 0.000 0.002 
v 0.000 0.000 0.001 
Cr 0.609 0.167 0.375 0.449 0.532 
Ni 0.000 0.000 0.006 
Total 3.000 3.000 3.000 3.082 3.064 
Mg# II 51 45 32.6 37 
Cr# 61 9 21 24.8 29 
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Figure 4. 7. Plot of 1 OOCr/(Cr+Al) versus Mg# in spine!. It is apparent from the plot that 
1 OOCr/(Cr+Al) decreases with increasing Mg# in spine! in the granulite. 
T bl 4 10 M a e d hi agnet1te an p ogop1te analyses 
Analyses I 2 3 4 5 6 7 8 Analyses I 
Sample 7479 7589 7589 7598 7604 LC3 TLa972 TLa973-l Sample TLa973-2 
Si02 0.29 0.09 0.14 0.5 0.27 0 0 0 Si02 37.72 
Ti02 2.91 2.41 2.48 0.45 0.18 5.76 5.59 0.31 Ti02 1.28 
Al203 2.01 2.55 2.27 0.24 0.11 5.31 1.82 0 Al203 17.16 
Cr203 0.66 6.37 6.68 2.39 0.11 13.2 0.31 0.86 Cr203 0.23 
Fe203 61.72 55.25 54.0 64.1 68.81 43.66 59.51 64.12 FeO 5.98 
FeO 32.92 33.39 32.73 31.7 31.55 31.18 32.04 34.52 MnO 0.1 
MnO 0.1 0.21 0.32 0.11 0.11 0.25 0.29 0 MgO 21.0 
MgO 0.5 0.3 0.4 0.14 0.14 1.14 0.18 o Cao 0.21 
Cao 0.17 0.06 0.06 0.06 0.11 0.21 0.27 0.18 Na20 0.33 
Na20 0.19 0 0 0 0 0 0 0 K20 9.24 
K20 0.05 0 0 0 0 0 0 0 Total 93.10 
Total 101.52 100.6 99.08 99.69 101.4 100.71 100.01 99.99 Oxygens 3 
Oxygens 3 3 3 3 3 3 3 3 Si 8.010 
Si 0.011 0.003 0.005 0.019 0.01 0 0 0 Ti 0.205 
Al 0.088 0.113 0.102 0.011 0.005 0.229 0.072 0 Al 4.294 
Cr 0.019 0.189 0.201 0.073 0.003 0.381 0.008 0.024 Cr 0.039 
Fe3+ 1.725 1.556 1.545 1.852 1.961 1.074 1.671 1.911 Fe 1.062 
Ti 0.081 0.068 0.071 0.013 0.005 0.158 0.141 0.008 Mn 0 
Mg 0.028 0.017 0.023 0.008 0.008 0.062 0.009 0 Mg 6.661 
Fe2+ 1.022 1.045 1.041 1.018 0.999 1.080 0.900 1.029 Ca 0.027 
Mn 0.003 0.007 0.01 0.004 0.004 0.008 0.008 0 Na 0.135 
Ca 0.007 0.002 0.002 0.002 0.004 0.008 0.010 0.007 K 2.504 
Na 0.014 - - - - - - - SUM 22.938 
K 0.002 - - - - - - - lOOMg/(Mg+Fe) 86.2 
SUM 3.000 3.000 3.000 3.000 3.000 3000 3.000 3.000 
Mg# 0.027 0.016 0.022 0.008 0.008 0.054 0.010 0.000 
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Table 11. Ilmenite analyses 
Analyses I 2 3 
Sample 7448 7479 7487 
Ti02 51.48 52.86 50.81 
Fe203 4.59 2.51 3.58 
FeO 40.21 40.37 42.39 
MnO 0.73 0.53 2.72 
MgO 2.99 3.67 0.23 
Cao 0 0.06 0.17 
Total 100 100 100 
Oxygens 3 3 3 
Fe3+ 0.085 0.046 0.068 
Fe2+ 0.832 0.83 0.895 
Mg 0.11 0.134 0.009 
Ca 0 0.002 
Ti 0.957 0.977 0.966 
Mn 0.015 0.011 0.058 
SUM 2.000 2.000 2.000 




4 5 6 7 
7604 TLa972 7487 7481 
50.96 50.42 51.03 50.88 
3.29 3.07 6.86 7.12 
42.81 44.2 38.86 40.35 
2.82 0.24 2.73 0.78 
0 1.91 0.23 0.96 
0.12 0 0.17 0.240 
100 99.84 99.97 I 00.33 
3 3 3 3 
0.063 0.065 0.142 0.146 
0.905 0.944 0.807 0.824 
0 0.072 0.009 0.035 
0 0.005 0.006 
0.969 0.955 0.953 0.935 
0.06 0.005 0.057 0.016 
2.000 2.000 2.000 2.000 


















































Figure 4.8. Magnetite and ilmenite compos1t1on in granulites showing high Fe203 contents. 
Hornblendite sample 7485 is also shown. The magnetites are quite oxidised and plot between 
magnetite and hematite field. Ti02-rich magnetites plot above the Fe0-Fe203 line. 
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Magnetite, Ilmenite, and Phlogopite 
Magnetite, ilmenite, and phlogopite analyses are given in Table 4.10 and Table 4.11. Ti02 contents 
in magnetites range from 0.18 wt% (sample 7604) to 5.76 wt% (sample LC3) and do not vary with 
respect to distance from ophiolite contact. Cr203 content of magnetite in LC3 is quite high (13.2 
wt%), 2.39-6.68 wt% in sample 7598 and other granulites contain lower Cr203 (0.11-0.66 wt%). 
Al203, MnO, CaO, and MgO contents of magnetite are low and variable. A Ti02-Fe0-Fe203 
compositional plot of ilmenite and magnetite in Fig4.8 shows that the magnetites are Fe2 0 3-rich 
with variable Ti02 contents, and ilmenites consist of >80% ilmenite solid solution. Cr203 is 
absent, and MnO, MgO, and CaO contents in ilmenites are low and variable in each of the samples. 
Phlogopite is only present in sample Tla973-2, and is charaterised by lOOMg/( Mg+Fe) value of 
86.2. 
4.5.2 Thermobarometry 
In order to constrain the origin of the brown hornblendes in the contact granulites, it would 
be useful if a crystallisation temperature could be estimated using a geothermometer that is 
independent of bulk rock composition. Helz (1973) presented the results of an experimental study 
of hornblende formation from three different basaltic magmas at 5 kbar and temperatures in the 
range of 700 to 1000 °C, and noted that the Ti content of the hornblende increased strongly with 
temperature and was independent of bulk rock composition, so long as ilmenite was present, 
suggesting that the rocks crystallised near the quartz- fayalite-magnetite (QFM) buffer. Otten (1984) 
developed a Ti geothermometer using the experimental observations of Helz (1973). Within the 
metamorphic sole, Ti content in hornblende increases systematically from the amphibolites up to 
the hornblende granulites. Applying the Otten ( 1984) geothermometer to ilmenite-bearing granulite 
samples 7448 and 7479 give temperature estimate of 970° C for sample 7448, and 960° C for 
sample 74 79. Applying the Otten (1984) geothermometer to ilmenite-bearing low grade granulite 
sample 7481 gave a temperature of 726 °C. 
The Wells ( 1977) two-pyroxene geothermometer gives a temperature of 950° C for sample 
Tla972, 938° C for sample 7590, and 831 °C for sample 7448, and 839° C for 7481. The two 
geothermometers used provided similar estimates, suggesting that the hornblende granulites 
crystallised at temperatures of 838°C-970°C. 
Pressure estimated for the granulites (using the Al in amphibole barometer and methods of 
Hammarstrom and Zen, 1986; Hollister et al, 1987; Johnston and Rutherford, 1989; Schmidt, 1992) 
range from 3.6 kbar to 5 kbar. The metamorphic sole is thought to have formed under about 12 km 
thick ophiolite (Davies, 1980), or pressure of about 4 kbar. 
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4.6 Hornblende gabbro 
4.6.1 Mineral chemistry 
Plagioclase: The probe analyses are given below in Table 4.12. In La971 plagioclase ranges in 
composition from Anss-93.5· In sample LC7, plagioclase is An911-93.2• All plagioclase are saussuritized 
in samples 7560, TLa971 a, TLa971 b, TLa971 d, TLa971 e and TLa97 lf and original compositions 
cannot be determined. 
T bl 4 12 Pl . 1 a e a~ 10c ase ana" JSes 
Sample La971 LC7 
Si02 45.54 44.51 
Ti02 0.00 0.00 
Al203 34.11 33.98 
Cr203 0.00 0.04 
FeO 0.27 0.29 
MnO 0.00 0.00 
MgO 0.00 0.00 
Cao 18.95 18.89 
Na20 1.09 0.88 
K20 0.03 0.02 
Total 99.99 98.31 
Oxygens 32.00 32.00 
Si 8.350 8.330 
Al 7.500 7.500 
Fe2+ 0.040 0.040 
Mg 0.000 0.000 
Ca 3.790 3.790 
Na 0.400 0.320 
K 0.010 0.000 
Mn 0.000 0.000 
Cr 0.000 0.010 
SUM 20.090 20.000 
Ab 9.5 7.8 
An 90.4 92.1 
Or 0.2 0.1 
Hornblende: Hornblende analyses are given in Table 4.13. Multiple analyses are plotted in Figure 
4. 9a, b, c for La971, Tla971 a, and Tla97 lf, and clearly indicate that hornblende grains within 
individual samples of hornblende gabbro vary significantly in Si, Mg/(Mg+Fe2+), (Na+K) at A-
site, Ti, Fe3+ and Al1v, and Alvr contents. The position of the average composition from each of 
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these samples, is shown in Fig 4.10 as are the average compositions from Tla971 b, Tla971 c, 
Tla971d, Tla971e, LC7, 7560, 7514. 
Table 4.13. Hornblende analyses 
Analysis 1 2 3 4 5 6 7 8 9 10 
Sample 7560 LC7 La971 TLa971 TLa97la TLa97lb TLa97ld TLa97le TLa97lf 7514 
Si02 42.03 41.37 41.82 41.75 45.94 43.78 44.22 42.13 41.97 42.16 
Ti02 3.76 3.81 3.46 3.72 1.91 1.94 1.37 2.57 3.33 2.94 
Al203 12.85 12.79 12.82 12.85 10.82 12.60 13.57 13.18 13.64 13.82 
Cr203 0.14 0.34 0.46 0.48 1.01 0.78 0.33 0.63 0.26 0.17 
FeO 9.76 10.41 9.46 9.52 6.89 7.16 6.59 8.89 9.47 9.34 
MnO 0.25 0.00 0 0.00 0.00 0.00 0.00 0.01 0.02 0.16 
MgO 14.64 14.15 14.3 14.23 16.76 16.63 16.83 15.15 14.33 14.85 
Cao 11.85 12.10 12.52 12.44 13.08 12.96 12.70 12.96 12.14 12.33 
Na20 2.67 2.95 2.93 2.91 1.59 2.15 2.30 2.40 2.77 2.19 
K20 0.06 0.08 0.1 0.10 0.01 0.00 0.07 0.08 0.07 0.05 
Total 98.00 98.00 98 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Oxygens 23 23 23 23 23 23 23 23 23 23 
Si 6.090 6.029 6.081 6.063 6.530 6.259 6.286 6.094 6.071 6.088 
AIIV 1.910 1.971 1.919 1.937 1.470 1.741 1.714 1.906 1.929 1.912 
Tsite 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
AIVI 0.285 0.226 0.277 0.264 0.343 0.382 0.560 0.340 0.398 0.440 
Ti 0.410 0.417 0.379 0.406 0.205 0.208 0.146 0.280 0.363 0.320 
Cr 0.016 0.040 0.053 0.055 0.113 0.088 O.D38 0.072 0.030 0.019 
Fe3+ 0.177 0.190 0.172 0. 173 0.123 0.128 0.117 0.161 0.171 0.169 
Mn 0.03 I 0.000 0 0.000 0.000 0.000 0.000 0.001 0.003 0.020 
Mg 3.162 3.075 3.101 3.082 3.551 3.545 3.567 3.266 3.090 3.197 
Fe2+ 0.919 1.052 0.976 0.983 0.666 0.648 0.571 0.881 0.947 0.836 
Ca at M3 0.042 0.038 
MJ,M2,M3 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
Fe2+ 0.086 0.026 0 0.030 0.080 0.095 0.034 0.027 0.104 
Ca 1.840 1.889 1.908 1.897 1.970 1.920 1.905 1.966 1.881 1.896 
Na 0.074 0.085 0.092 0.103 0.000 0.000 0.000 0.000 0.092 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0 0.021 0.066 0.030 0.043 0.01 I 
Na 0.676 0.750 0.733 0.718 0.438 0.595 0.634 0.674 0.685 0.614 
K 0.01 I 0.015 0.019 0.018 0.002 0.000 0.013 0.016 0.013 0.009 
A site 0.687 0.765 0.752 0.736 0.462 0.660 0.676 0.732 0.697 0.634 
SUM 15.687 15.765 15.752 15.736 15.462 15.660 15.676 15.732 15.697 15.634 
Mg#a 77.5 74.5 76.1 75.8 84.2 84.5 86.2 78.8 76.5 79.3 
Mg#b 75.1 72. I 73.0 72.9 82.5 82.7 84.5 76.6 74.3 76.8 
AIIV 1.910 1.971 1.919 1.937 1.470 l.741 1.714 1.906 1.929 1.912 
AIVI 0.285 0.226 0.277 0.264 0.343 0.382 0.560 0.340 0.398 0.440 
Ti in M site 0.410 0.417 0.379 0.406 0.205 0.208 0.146 0.280 0.363 0.320 
Na in M4 site 0.074 0.085 0.092 0.103 0.000 0.000 0.000 0.000 0.092 
Na+ K in A site 0.687 0.765 0.752 0.736 0.441 0.595 0.647 0.689 0.697 0.623 
a Mg#= 100Mg/(Mg+Fe2+), b Mg#= lOOMg/Mg+Fe 
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Figure 4.9 a. Plots of Al(IV) versus Na+K (A) (upper right), Al (IV) versus Al(VI) (upper left), 
Na(M4) versus Na+K (A) (right middle), and Na (M4) versus Al(VI) (left middle), Al(IV) versus 
Mg# (bottom right), Al (IV) versus Ti at M-site (bottom left) showing amphibole compositional 
variation in hornblende gabbro sample La971 
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Figure 4.9 b. Plots of Al(IV) versus Na+K(A) (upper right), Al (IV) versus Al(VI) (upper left), 
Na(M4) versus Na+K (A) (right middle), and Na (M4) versus Al(VI) (left middle), Al(IV) versus 
Mg# (bottom right), Al (IV) versus Ti at M-site (bottom left) showing amphibole compositional 
variation in hornblende gabbro sample TLa97 I a. 
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Figure 4.9c. Plots of Al(IV) versus Na+K(A) (upper right), Al (IV) versus Al(VI) (upper left), 
Na(M4) versus Na+K (A) (right middle), and Na (M4) versus Al(VI) (left middle), Al(IV) versus 
Mg# (bottom right), Al (IV) versus Ti at M-site (bottom left) showing amphibole compositional 
variation in hornblende gabbro sample TLa971 f. 
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Figure 4.10. Plots of Al(IV) versus Na+ K(A) (upper right), Al (IV) versus Al(VI) (upper left), 
Na(M4) versus Na+K (A) (right middle), and Na (M4) versus Al(VI) (left middle), Al(IV) versus 
Mg# (bottom right), Al (IV) versus Ti at M-site (bottom left) for hornblende gabbro and gabbro 
showing averaged amphibole compositional variations. 
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Hornblende compositions also vary greatly for samples TLa97 lb, TLa97 l d, TLa97 le and LC7. 
Plots of Al(IV) versus Na(A) (upper right), Al (IV) versus Al(VI) (upper left), Na(M4) versus Na 
(A) (right bottom), and Na (M4) versus Al(VI) (left bottom) in Figure 4.10 indicate that the 
hornblende compositions are dominated by pargasitic subsitution. 
Clinopyroxene 
Cl inopyroxene analyses are presented in Table 4.14 and wt% Al203 versus Mg# is plotted in 
Figure 4.11 Clinopyroxenes in hornblende gabbro have average Mg# of 83.3. Lower Mg# 
clinopyroxenes occur in patches in thin section La971 (Mg# 78.4), Tla97ld (Mg# 79.6) and 
TLa97lf (Mg# 78.6) with high modal hornblende. High Mg# clinopyroxene occur in parts of thin 
T bl 4 14 er a e mopyroxene ana1yses 
Analysis 1 2 3 4 5 6 
Sample La971 TLa971 f TLa971 d 7560 TLa971 a TLa971 b 
Si02 49.58 51.13 50.05 51.14 51.46 51.81 
Ti02 0.92 0.88 0.86 0.83 0.64 0.60 
Al203 3.56 3.70 4.06 3.54 2.98 3.29 
Cr203 0.21 0.16 0.48 0.00 0.50 0.52 
Fe203 0.00 3.46 6.05 1.27 0.00 4.25 
FeO 6.60 3.39 0.01 6.10 4.86 0.60 
MnO 0.00 0.01 0.00 0.36 0.01 0.00 
MgO 14.36 14.96 14.88 15.46 15.45 15.69 
Cao 22.77 22.31 23.61 21.14 24.04 23.23 
Na20 0.00 0.00 0.00 0.17 0.05 0.01 
Total 98.01 100.00 100.00 100.00 100.00 100.00 
Oxygens 6 6 6 6 6 6 
Si 1.872 1.891 l.857 1.883 l.898 1.904 
Al 0.158 0.161 0.178 0.152 0.129 0.142 
Fe3+ 0.040 0.000 0.000 0.045 0.000 0.000 
Fe2+ 0.169 0.211 0.188 0.163 0.150 0.149 
Mg 0.808 0.825 0.823 0.812 0.850 0.860 
Ca 0.921 0.884 0.939 0.893 0.950 0.914 
Na 0.000 0.000 0.000 0.016 0.004 0.001 
Ti 0.026 0.024 0.024 0.026 0.018 0.016 
Mn 0.000 0.002 0.000 0.009 0.000 0.000 
Cr 0.006 0.005 0.014 0.000 0.015 0.015 
Total 4.000 4.002 4.023 4.000 4.014 4.002 
Mg# 79.5 79.7 81.4 83.0 85.0 85.3 
En 45 43 42 43 44 45 
Fs 9 11 10 9 8 8 
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Figure 4. I I. Plot of average wt% Al20 3 cpx versus Mg# cpx in clinopyroxene plotted inside the field of 
original data. The average for granulites is also plotted. Clinopyroxene in non-hornblende bearing gabbro 
7514 show low Al203 and high Mg#, but two clinopyroxene in TLa971a, and TLa971b in the original data 
are more Mg-rich extending the field towards Mg#90. 
sections TLa971 a, TLa971 b and TLa971 f (Mg# 81.2) with very low modal hornblende. Figure 4.11 
clearly shows overlap between clinopyroxene compositions between granulites, hornblende gabbro, 
and gabbro, but the granulites generally have lower Mg# (down to Mg#73, Table 4.6) than 
hornblende gabbro and gabbro. Average Cr contents are higher in clinopyroxene with higher Mg# 
samples TLa971a (0.50 wt%), TLa971b (0.52 wt%) and TLa971d (0.48 wt%) but lower in high 
modal percent hornblende samples 7560 (0 wt%), La971 (0.21 wt%) and TLa971 f (0.16 wt%). Ti 
contents in clinopyroxenes are high for low- Mg# clinopyroxenes, and low to variable in high-Mg 
clinopyroxene in hornblende gabbro. 
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Orthopyroxene 
Orthopyroxene analyses are presented in Table 4.15 and wt% Al203 in orthopyroxene versus Mg# 
is ploted in Figure 4.12. Orthopyroxenes in hornblende gabbro are enstatites with average Mg# of 
80.1. Lower Mg# orthopyroxenes (Mg#75.9-77.1) occur in parts of the thin section La971 and 
TLa97lf with high modal hornblende. High Mg# orthopyroxenes (Mg#80.1.9-87.1) occur in parts of 
the thin section TLa971 a, TLa971 b and TLa971 f with very low modal hornblende. The lack of 
orthopyroxene in samples 7560, LC7, TLa97ld, and TLa971e is possibly due to high CaO and high 
MgO in bulk composition, or thin section limitation. Figure 4.13 clearly shows overlap between 
orthopyroxene compositions between granulites, hornblende gabbro, and gabbro, but the granulites 
generally have lower Mg# (down to Mg#60) than hornblende gabbro and gabbro. Cr contents are 
higher in orthopyroxenes with higher Mg# samples TLa971 a and TLa971 b. Ti contents in 
orthopyroxene are variable for both high and low Mg# orthopyroxenes in hornblende gabbro. 
T bl 4 15 0 h a e rt opyroxene analyses 
Analysis 1 2 3 4 
Sample La971 TLa971f TLa971a TLa97lb 
Si02 53.62 54.38 55.34 54.87 
Ti02 0.21 0.08 0.15 0.17 
Al203 1.64 1.66 1.47 2.26 
Cr203 0.05 0.00 0.38 0.25 
Fe203 0.00 0.00 0.00 0.00 
FeO 15.20 14.91 12.13 11.61 
MnO 0.25 0.34 0.14 0.17 
MgO 27.32 28.13 29.56 29.54 
Cao 0.98 0.49 0.85 1.10 
Na20 0.00 0.00 0.00 0.03 
Total 99.29 100.00 100.00 100.00 
Oxygens 6 6 6 6 
Si 1.940 1.953 1.963 1.944 
Al 0.072 0.070 0.061 0.094 
Fe3+ 0.036 0.000 0.000 0.000 
Fe2+ 0.424 0.448 0.360 0.344 
Mg 1.478 1.506 1.563 1.560 
Ca 0.037 0.019 0.032 0.042 
Na 0.000 0.000 0.000 0.002 
Ti 0.005 0.002 0.004 0.005 
Mn 0.007 0.010 0.004 0.005 
Cr 0.001 0.000 0.011 0.007 
Total 4.000 4.009 3.997 4.002 
Mg# 76.2 77.1 81.3 82.0 
En 76.2 76.0 80.0 80.2 
Fs 21.8 23.0 18.3 17.7 
Wo 1.9 1.0 1.8 2.3 
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Figure 4.12. Plot of wt% Al203opx versus Mg#opx in hornblende gabbro. The orthopyroxene in 
non-hornblende-bearing gabbro sample 7513 has higher Mg# and low Al203 content. 
Orthopyroxene co-existing with high hornblende modal abundance samples La971 and Tla971 f have 
lower Mg#, and comparable Al203 contents to orthopyroxenes co-existing with low modal 
hornblende abundance samples TLa971a, TLa971b. 
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Olivine 
Olivine compositions are shown in Table 4.16. Average Mg# for olivine in hornblende gabbro is 
Mg77.4. Again olivine in rocks with high modal hornblende samples 7560, LC7, La971 and 
TLa97lf had lower Mg# (average Mg#73.6) and olivine in hornblende gabbro with lower modal 
hornblende in samples TLa97la, TLa97lb, and TLa97ld had higher Mg# (average Mg#79.0). 
From the data presented, olivine composition is related to modal hornblende in the hornblende 
gab bro. 
T bl 4 16 or a e 1vme ana1yses 
Analyses I 2 3 4 5 6 7 
Sample LC7 TLa971f La971 7560 TLa97ld TLa971a TLa971b 
Si02 37.78 38.06 38.03 38.50 38.37 39.25 39.11 
FeO 24.71 23.93 24.15 22.16 20.68 18.55 18.39 
MnO 0.22 0.29 0.27 0.39 0.18 0.11 0.13 
MgO 37.18 37.69 38.01 38.93 40.68 42.08 42.26 
Cao 0.09 0.04 0.05 0.00 0.03 0.02 0.05 
Total 100.00 100.00 100.53 99.98 100.00 100.00 99.95 
Oxygens 4 4 4 4 4 4 4 
Si 0.995 0.998 0.993 1.001 0.990 1.001 0.998 
Fe2+ 0.545 0.525 0.527 0.482 0.447 0.396 0.392 
Mg 1.459 1.473 1.479 1.508 1.566 1.600 1.607 
Ca 0.003 0.001 0.002 0.000 0.001 0.001 0.001 
Mn 0.005 0.006 0.006 0.009 0.004 0.002 0.003 
SUM 3.006 3.002 3.007 2.999 3.009 2.999 3.003 
Mg# 72.9 73.7 73.8 76.0 77.8 80.2 80.4 
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Figure 4.13. Clinopyroxene, orthopyroxene, and co-existing olivine compositions in hornblende gabbro 
(La971, Tla97la, TLa97Ib, TLa97lf), gabbro (7513), transition zone rocks (7557, Mu976, Mu977), and 
granulite (7448, 7604). Note that the hornblende in the granulite field is included inside the hornblende field 
of hornblende gabbro. Pyroxenes and olivine compositions for non-hornblende bearing gabbro 7513 coincide 
with Tla97la, and Tla971b. Hornblendes in La971, and Tla97lf are more Fe-rich than granulites. The 
hornblende in the transition zone are more Mg-rich, and co-exist with high Mg pyroxene and olivinie. 
Spin el 
Spine! analyses for sample TLa971 d are presented in Table 4 .17. Spine! has Cr/(Cr+AI) of 0.20 
compared to 0.10 to 0.20 in granulite. Occurrence of alluminous spine!, and high Cr contents in 
clinopyroxene and orthopyroxene is probably due to high Cr and Al in bulk composition. 
Ilmenite and magnetite 
Ilmenite and magnetite compositions are presented in Table 4.18 and Table 4.19 respectively . Figure 
4.14 shows that both the ilmenite and magnetite contain slightly higher Ti02 than stoichiometric 
ilmenite and magnetite, and the Fe203 contents in ilmenite and magnetite are also high allld indicate 
possible effect of high oxygen fugacity . 
75 
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Table 4.17. Spine! analyses Table 18. Ilmenite analyses Table 19. Magnetite analyses 
Analyses I Analyses I 2 3 4 Analyses I 2 3 
Sample TLa97ld Sample 7560 La971 TLa971 TLa97lf Sample 7560 TLa97la TLa97lb 
Si02 0.00 Ti02 51.27 51.14 50.6 52.5 Si02 1.14 0.00 0.00 
Ti02 0.33 Cr203 0 0.26 0.27 0.21 Ti02 10.77 12.24 3.20 
Al203 44.08 Fe203 3.09 5.07 5.91 2.18 Al203 6.16 2.44 15.32 
Cr203 13.95 FeO 43.93 40.72 39.7 41.68 Cr203 4.96 1.20 22.70 
Fe203 9.31 MnO 1.14 0.61 0.49 0.72 Fe203 33.95 42.05 31.27 
FeO 21.02 MgO 0.57 2.53 2.85 2.63 FeO 41.32 41.89 23.25 
MnO 0.05 Cao 0 0.11 0.17 0.1 MnO 0.31 0.23 0.26 
MgO 10.89 Total 100 101.09 100 100 MgO 1.27 0.50 3.92 
Cao 0.04 Oxygens 3 3 3 3 Cao 0.12 0.16 0.09 
Na20 0.33 Fe3+ 0.058 0.094 0.11 0.041 Total 100.00 100.71 100.00 
K20 0.00 Fe2+ 0.925 0.842 0.822 0.863 Oxygens 3.00 3.00 3.00 
Total 100.00 Mg 0.021 0.093 0.105 0.097 Si 0.041 0.000 0.000 
Oxygens 4 Ca 0 0.00 0.005 0.003 Al 0.263 0.107 0.604 
Si 0 Ti 0.971 0.950 0.942 0.978 Fe3 0.926 2.475 0.617 
Al 1.478 Mn 0.024 0.013 0.01 O.Dl5 Fe2 1.252 0.000 0.878 
Fe3 0.203 Cr 0 0.005 0.005 0.004 Mg 0.069 0.028 0.196 
Fe2 0.508 SUM 1.999 2.000 2.000 2.000 Ca 0.005 0.006 0.003 
Mg 0.461 Mg# 2.2 9.9 11.3 IO.I Ti 0.293 0.342 0.085 
Ca 0.001 Mn 0.010 0.007 0.008 
Na 0.018 Cr 0.142 0.035 0.610 







Cr/( Cr+ Al) 0.22 
4.6.2 Thermobarometry 
In sample La971, the two pyroxene geothermometer of Wells (1977) for coexisting orthopyroxene 
and clinopyroxene pairs gives temperatures 908-1063°C at 3 kbar. In TLa971 b, a re-equilibration 
temperature estimated from co-existing pyroxenes (Wells, 1977) is 831-897°C. The Blundy and 
Holland (1994) hornblende-plagioclase geothermometer using the equilibrium edenite + albite = 
richterite + anorthite for sample La971 gives a temperature of 912°C ± 40°C at 4 kbars and within 
the range estimated using the two pyroxene method. Table 4.11 outlines the pressures estimated 
using various Al in amphibole barometers (Hammarstrom and Zen, 1986; Hollister et al, 1987; 
Johnston and Rutherford, 1989; and Schmidt, 1992). The lowest pressure of 3.1 kbar was 
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equilibration pressure of I 0.1 kbar was obtained for sample TLa97 l fusing the method of Hollister 
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Figure 4.14. Magnetite and ilmenite composition in hornblende gabbro. 
4.7 Gabbro 
Mineral chemistry data for samples 7513, and 7514 are presented below. The plagioclase is 
saussuritised. Orthopyroxene is En8o-82, olivine is Fo8o-82, spine! has Cr/(Cr+Al) of 0.6. 
Cl inopyroxene is En46Fs1W047 for non- hornblende-bearing sample 7 513, and En42Fs 10 Wo48 for 
hornblende bearing sample 7514. Interstitial hornblende in the rock is magnesian hastingsite (Si of 
6.055 pfu, (Na+K) at A-site 0.517 pfu, Fe3+>A\v1 , see Table 4.20). Pressure estimated (using the 
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T bl 4 20 M. a e mera ana 1 ses m t1e ga bb ro 
Cpx 7513 7514 7559 Opx 7513 Olivine 7513 7514 Spin el 7513 7559 Hornblende 7514 
Si02 52.46 50.86 49.42 Si02 55.8 Si02 39.6 38.9 Si02 0 0.07 Si02 42.16 
Ti02 0.34 0.88 1.12 Ti02 0.11 FeO 19.0 22.4 Ti02 4.15 0.11 Ti02 2.94 
Al203 1.83 4.48 4.55 Al203 I.OJ MnO 0.2 0.4 Al203 10.62 53.56 Al203 13.82 
Cr203 0.4 0 0.22 Cr203 0.09 NiO 0.0 0.0 Cr203 29.29 7.02 Cr203 0.17 
Fe203 0.55 0.04 3.87 Fe203 0 MgO 42.1 39.3 Fe203 30.46 6.16 FeO 9.34 
FeO 4.59 6.08 1.89 FeO 12.I Total IO 1.0 100.9 FeO 21.13 18.89 MnO 0.16 
MnO 0.09 0.32 0.16 MnO 0.18 Oxygens 4 4 MnO 0.27 0.16 MgO 14.85 
MgO 16.15 14.41 15.3 MgO 29.9 Si 1.002 1.00 I MgO 4.07 13.84 cao 12.33 
Cao 23.08 23.04 23.25 cao 0.94 Fe2 0.402 0.482 CaO 0 0.14 Na20 2.19 
Na20 0 0 0.20 Total 100 Mg 1.591 1.508 Na20 0 0.05 K20 0.05 
K20 0 0 0.02 Oxygens 6 Mn 0.003 0.009 Total 100 100.00 Total 98.00 
Total 99.49 100.1 100.00 Si 1.980 Ni 0 0 Oxygens 3 3 Oxygens 23 
Oxygens 6 6 6 Al 0.040 SUM 2.998 2.999 Si 0 0.002 Cations 
Si !.937 1.878 l.889 Fe3 0.000 Mg# 80 76 Al 0.439 1.717 Si 6.088 
Al 0.08 0.195 0.154 Fe2 0.360 Fe3 0.532 0.126 A!IV 1.912 
Fe3+ 0.015 0.001 0.035 Mg 1.580 Fe2 0.889 0.430 Tsite 8.000 
Fe2+ 0.142 0.188 0.188 Ca 0.040 Mg 0.213 0.561 AIVI 0.440 
Mg 0.889 0.793 0.851 Ti 0.000 Ca 0 0.004 Ti 0.320 
Ca 0.913 0.911 0.836 Mn 0.010 Na 0 0.003 Cr 0.019 
Na 0 0 0.012 Cr 0.000 K 0 0 Fe3+ 0.169 
K 0 0 0 Total 3.999 Ti 0.109 0.002 Mn 0.020 
Ti 0.009 0.024 0.023 En 80 Mn 0.008 0.004 Mg 3.197 
Mn 0.003 0.01 0.011 Fs 18 Cr 0.811 0.151 Fe2+ 0.836 
Cr 0.012 0 0.02 Wo 2 SUM 3.000 3.000 Ca at M3 
SUM 4.000 4.000 4.000 Mg# 82 Mg# 13.01 56.6 Ml,M2,M3 5.000 
Cr# 8.0 65.0 Fe2+ 0.104 
En 46 42 45 Ca 1.896 
Fs 7 IO JO Na 
Wo 47 48 45 M4 site 2.000 
Mg# 86 81 82 Ca 0.011 
Na 0.614 
K 0.009 




Na+ K in A site 0.623 
Al in amphibole barometer and methods of Hammarstrom and Zen, 1986; Hollister et al, 1987; 
Johnston and Rutherford, 1989; Schmidt, 1992) range from 6.4 kbar to 8.4 kbar. Equilibration 
temperature estimated on co-existing pyroxene pairs in the rock using the two pyroxene 
geothermometer of Wells (1977) is 902-903°C. Magnetite also occur as an accessory phase in the 
gabbro (e.g., 7513) and are characterised by higher Ti02 and Fe20 3 contents. The gabbro was 
probably a plagioclase-clinopyroxene-orthopyroxene-olivine-chrome spine! cumulate with some 
small amounts of trapped melts which crystallised as hornblende. Gabbro sample 7513 represent 
this cumulate, and amphibole is rare to absent in the rock. 
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4.8 Transition Zone 
Mineral analyses/average compositions of the transition zone rocks are given in Tables 4.21-4.26. 
Multiple analyses are presented for each sample in the tables of the appendix. Co-existing 
clinopyroxenes, orthopyroxenes, and olivine in the transition zone rocks are more Mg#-rich than 
pyroxenes and olivine in hornblende gabbro, granulite, and non-hornblende-bearing gabbro (Figure 
4.15). Co-existing olivine and spinels in transition zone rocks have higher Mg# and Cr# compared 
to hornblende gabbros and hornblende granulites (Fig. 4.16). Pale brown hornblende in Mu976, 
Mu977, and 7557 have higher Mg# (88.9-93.2), very low Ti (0.026-0.095 pfu), and lower A-site 
occupancy (>0.600 in Fig 4.17) with maximum AIIV content of 1.553 pfu. 
Plagioclase lherzolite (Mu976, Mu977) 
Mineral assemblage is clinopyroxene-orthopyroxene-olivine-spinel-saussuritized plagioclase-
hornblende ± magnetite. Clinopyroxene is En46-53Fs4-6Wo41-50, and has Mg# of 89.3-92. 
Highest Ti content in clinopyroxene is 0.3 wt % and is associated with high Al203 content of 3.03 
wt% (analysis 15, Mu976). Orthopyroxene is En87-89, and has Mg# of 87-89.6. Olivine range is 
Mg#87-90. Spinel has Cr/( Cr+ Al) of 0.2-0.5 and Ti02 content of 0-0.48 wt%, and spinel inclusions 
in pyroxene has Cr/( Cr+ Al) of 0.4-0.5 and Ti02 contents of 0.2-0.42 wt%. Magnetite only occurs in 
sample Mu977 and is composed of 51.4% magnetite and 30.5% spine! solid solution. Plagioclase is 
all saussaritised and the composition was not determined. 
In sample Mu976 enstatite activity of orthopyroxene and enstatite activity of clinopyroxene 
lamellae contained within the orthopyroxene is used for estimation of re-equilibration temperature. 
A re-equilibration temperature of 735 °C is obtained using the two-pyroxene thermometry of Wells 
(1977). A slightly higher temperature of 752 °C was obtained after ferric correction of the 
clinopyroxene lamellae. In another pair of orthopyroxene and clinopyroxene lamellae a temperature 
of 719 °C was obtained using the two-pyroxene geothermometer of Wells (1977). A slightly higher 
temperature of 732 °C was obtained after ferric correction of the clinopyroxene lamellae. Cr in 
hornblende is 0.59-2.38 pfu, and Ti is 0.13-1.07 pfu. In sample Mu977 a re-equilibration 
temperature of 802 °C was obtained (method of Wells, 1977). A slightly lower temperature of 
799°C is obtained for ferric corrected clinopyroxene. 
Spinel lherzolite (LClO) 
The mineral assemblage is clinopyroxene-orthopyroxene-olivine-spinel. Clinopyroxene is En46-
49.3Fs3-5Wo46.2-50, and has Mg# of 90.0-94. Highest Ti content in clinopyroxene is 0.35 wt%. 
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Orthopyroxene is En86.2-88.7, and has Mg# of 87.7-89.7. Olivine range is Mg#87.7-89.5. Spine! 
has Cr/(Cr+Al) of 0.4-0.5 and Ti02 content of 0-0.29 wt%, and spine! inclusions in pyroxene has 
Cr/( Cr+ Al) of0.4 and Ti02 contents of 0.3 wt%. Plagioclase and hornblende are absent. 
Lherzolite (7557, 7558) 
Mineral assemblage is clinopyroxene-orthopyroxene-olivine-spinel-hornblende. Clinopyroxene is 
En45-52Fs3-10Wo45-51, and has Mg# of 82-96. Highest Ti content in clinopyroxene is 1.12 wt% 
and is associated with high Al203 content of 4.55 wt% (analysis 8, 7559). Orthopyroxene is 
En88-89, and has Mg# of 89.7-90.3. Olivine range is Mg#89.3-89.6. Hornblende is magnesio-
hornblende with 0.4% Ti02 . Spine! has Cr/(Cr+Al) of 0.1-0.5 and Ti02 contents of 0.08-0.18 wt 
%. Plagioclase is absent. 
Pyroxenite (MC7, MC8, La972) 
Mineral assemblage is clinopyroxene-orthopyroxene-olivine-spinel. Clinopyroxene is En47-49Fs4-
5Wo46-49, and has Mg# of 90.6-93.4. Ti content in clinopyroxene is low 0.09 wt % and Al203 
content range from 0.88-2.37 wt%. Orthopyroxene is En88-89, and has Mg# of 89.7-90.3. Olivine 
is rare and has Mg# of 90.1-90.6. Spine! inclusions in pyroxenes has Cr/( Cr+ Al) ratio of 0.5-0.6. 
Olivine, plagioclase and hornblende are absent in the pyroxenite. Re-equilibration temperature 
estimated for MC8 using the two pyroxene geothermometer of Wells (1977) is 910-914°C (MC8) 
and 878-932°C (La972). 
Lherzolite (LC12, LC13). 
Mineral assemblage is clinopyroxenite-orthopyroxene-olivine-spinel-magnetite. Clinopyroxene is 
En46-48Fs4Wo48-50, and has Mg# of 92.6-92.8. Orthopyroxene is En87-89, and has Mg# of 89.1-
89.8. Olivine range is Mg#89-89.9. Spine! has Cr/(Cr+Al) ratio of 0.6 and Ti02 content of 0-0.53 
wt%, and spine! inclusions in pyroxene also have Cr/( Cr+ Al) ratio of 0.6 and Ti02 contents of 0.43 
wt%. Magnetite is 100% magnetite solid solution. Plagioclase, hornblende, and clinopyroxene are 
absent. Re-equilibration temperature estimated on co-existing pyroxene pairs in LC 13 using the two 
pyroxene geothermometer of Wells (1977) is 851-856°C. 
Hazburgite (MC16, Mu971) 
The mineral assemblage is orthopyroxene-olivine-spinel. Orthopyroxene is En89.7-91.5, olivine has 
Mg#91.8-92.3, spine! has Cr/(Cr+Al) of 0.5. The spine! in the tectonite harzburgite above the 
transition zone harzburgite has high Cr/(Cr+Al) >0.7. 
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Table 4.21 Clinopyroxene analyses 
Analysis 1 2 3 4 5 6 7 8 
Sample 7557 7558 La972 LClO Mu976 Mu977 MC8 MC7 
Si02 53.62 52.81 53.32 54.20 53.48 53.25 53.25 53.33 
Ti02 0.02 0.04 0.00 0.03 0.19 0.04 0.00 0.05 
Al203 1.79 2.22 1.86 2.18 2.51 1.96 1.84 1.80 
Cr203 0.73 0.53 0.70 0.77 0.58 0.67 0.75 0.45 
FeO 2.45 3.01 2.74 2.83 3.06 2.84 2.61 2.56 
MnO 0.00 0.14 0.00 0.01 0.00 0.00 0.00 0.00 
MgO 17.60 17.08 16.92 16.45 17.19 17.01 17.73 17.51 
Cao 23.74 24.12 24.39 23.06 22.89 24.22 23.82 24.30 
Na20 0.06 0.09 0.03 0.45 0.11 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.01 100.00 100.00 100.00 100.00 100.00 100.00 
Oxygens 6 6 6 6 6 6 6 6 
Si 1.949 1.871 1.945 1.968 1.943 1.942 1.939 1.942 
Al 0.077 0.146 0.080 0.093 0.108 0.084 0.079 O.D78 
Fe2+ 0.074 0.130 0.084 0.068 0.093 0.087 0.080 O.D78 
Mg 0.954 0.888 0.920 0.890 0.931 0.925 0.962 0.951 
Ca 0.924 0.929 0.953 0.897 0.891 0.947 0.929 0.948 
Na 0.005 0.007 0.005 0.001 0.008 0.000 0.000 0.000 
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.016 0.000 0.000 0.005 0.000 0.000 0.000 
Mn 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.021 0.010 0.020 0.022 0.017 0.01 I 0.021 0.013 
SUM 4.004 4.000 4.007 3.958 3.994 4.005 4.010 4.01 I 
Mg# 92.8 95.0 91.7 91.2 91.0 91.4 92.3 92.4 
En 49 48 48 48 49 47 49 48 
Fs 4 3 5 5 5 4 4 4 
Wo 47 50 48 48 47 48 47 48 
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T bl 4 22 0 h a e rt opyroxene analyses 
Analysis 1 2 3 4 5 6 7 8 9 10 11 12 
Sample 7557 7558 La972 LCIO LC12 LC13 Mu971 Mu976 Mu977 MC7 MC8 MC16 
Si02 57.08 56.90 56.63 57.56 58.33 57.04 57.23 56.66 56.80 56.56 56.68 57.13 
Ti02 0.01 0.03 0.00 0.02 0.07 0.05 0.00 0.00 0.01 0.00 0.00 0.00 
Al203 1.24 1.59 1.62 1.80 1.18 0.97 1.30 1.73 1.58 1.58 1.39 1.71 
Cr203 0.34 0.23 0.43 0.44 0.28 0.33 0.35 0.27 0.40 0.35 0.37 0.40 
FeO 6.65 7.54 7.10 7.20 6.83 7.14 5.30 7.75 7.20 6.74 6.22 5.32 
MnO 0.02 0.21 0.02 0.02 0.06 0.07 0.00 0.06 0.04 0.04 0.07 0.02 
MgO 33.81 33.00 33.28 31.95 32.38 33.58 35.21 32.81 33.15 34.15 34.71 34.93 
Cao 0.86 0.79 0.92 0.77 0.76 0.83 0.64 0.72 0.82 0.75 0.59 0.81 
Na20 0.00 0.00 0.00 0.24 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.00 100.31 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.17 100.00 100.31 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.972 1.965 1.962 1.990 2.010 1.976 1.965 1.966 1.967 1.954 1.956 1.957 
Al 0.050 0.065 0.066 0.073 0.048 0.040 0.053 0.071 0.064 0.064 0.057 0.069 
Fe2+ 0.192 0.220 0.206 0.208 0.197 0.207 0.152 0.225 0.209 0.195 0.180 0.152 
Mg 1.742 1.705 1.719 1.646 1.663 1.734 1.802 1.697 1.712 1.759 1.786 1.784 
Ca 0.032 0.030 0.034 0.028 0.028 0.03 I 0.023 0.027 0.030 0.028 0.022 0.030 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.010 0.001 0.001 0.002 0.002 0.000 0.002 0.001 0.001 0.001 0.001 
Cr 0.009 0.005 0.011 0.012 0.008 0.009 0.010 0.007 0.011 0.009 0.010 0.011 
Total 3.998 3.997 3.999 3.959 3.956 3.999 4.004 3.995 3.995 4.009 4.010 4.002 
Mg# 90.1 89.0 89.3 88.8 89.4 89.3 92.2 88.3 89.1 90.0 90.9 92. l 
En 89 87 88 87 88 88 91 87 88 89 90 91 
Fs JO II 10 II 10 II 8 12 II 10 9 8 
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Figure 4.l 5 Co-existing clinopyroxene, orthopyroxene, and olivine in transition zones (unfilled 
triangles). The Mg# of orthopyroxene and olivine and the clinopyroxene in the transition zone rocks 
are higher than Mg# of orthopyroxene and olivine and the clinopyroxene in gabbro, hornblende 
gabbro, and hornblende granulite due to bulk compositional changes towards the ophiolitc~ contact. 
T bt 4 23 or · al a e 1vme an tvses 
Analysis l 2 3 .. s 6 7 8 9 10 11 
Sample Mu971 MC16 MC8 MC7 7SS7 7SS8 LC12 LCIJ Mu977 LClO Mu976 
Si02 4J.19 41.37 40.68 40.55 40.98 40.95 42.62 40.60 40.68 41.95 41.39 
CJ203 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 8.04 8.02 9.28 9.71 10.10 10.IS 10.12 L0.55 10.61 10.82 11.18 
MnO 0.00 0,00 005 0.12 0.00 0.11 0 .13 0.10 0.03 0.10 0.05 
MgO 50.77 50.87 50.00 49.59 48.88 49.07 47.98 48.48 47.74 46.96 47.56 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 
Total 100.00 100.26 100.00 L00.00 99.96 100.30 100.84 99.74 98.56 99.83 100.20 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 
Si 1.000 l.001 0.994 0.994 J.004 1.001 1.031 l.000 1.008 1.029 l.OJ5 
Fe2+ 0.163 0.162 0.190 0. 199 0.207 0.208 0.205 0.217 0.220 0.222 0.230 
Mg L.837 1.836 1.822 l.811 1.786 1.788 1.731 I.780 L.763 1.718 1.739 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.002 0.000 0.002 0.003 0.002 0.001 0.002 0.001 
Cr 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
SUM 3.000 2.999 3.005 3.005 2.996 2.990 2.969 3.000 2.992 2.971 2.985 
Mg# 91.9 91.9 90.6 90.2 89.6 89.6 89.4 89.L 88.9 88.6 88.3 
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Table 4.24 Spine! analyses 
Analysis I 2 3 4 5 6 7 8 9 II 12 
Sample LCl2 LCl3 Mu971 MC7 MC& MCl6 7557 Mu977 7558 LCIO Mu976 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.07 0.00 
Ti02 0.35 0.35 0.11 0.26 0.14 0.02 0.18 0.17 0.09 0.02 0.24 
Al203 20.99 19.11 26.98 25.22 24.82 27.86 23.71 27.38 29.17 29.27 33.10 
Cr203 43.92 45.52 42.94 40.04 42.06 41.28 41.86 38.09 35.19 36.17 29.60 
Fe203 0.00 5.86 0.00 0.00 0.00 0.00 3.84 4.66 4.88 0.00 6.56 
FeO 26.10 21.44 16.70 22.90 20.60 17.26 19.91 18.44 18.86 21.15 19.58 
MnO 0.05 0.00 0.00 0.00 0.00 0.00 0.12 0.01 0.21 0.08 0.00 
MgO 9.54 9.38 13.27 11.55 12.37 13.57 10.38 12.11 11.54 11.70 11.52 
Cao 0.05 0.06 0.03 0.03 0.03 0.02 0.00 0.05 0.03 0.02 0.04 
Na20 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.09 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 101.24 101.71 100.00 100.00 100.00 100.00 100.00 100.89 100.00 98.64 100.74 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.000 
Al 0.770 0.710 0.957 0.910 0.893 0.984 0.871 0.971 1.039 1.047 1.152 
Fe3 0.000 0.139 0.015 0.109 0.087 0.038 0.090 0.106 0.111 0.000 0.147 
Fe2 0.680 0.566 0.406 0.478 0.440 0.394 0.519 0.464 0.478 0.538 0.486 
Mg 0.442 0.441 0.596 0.527 0.563 0.606 0.482 0.543 0.520 0.530 0.507 
Ca 0.002 0.002 0.001 0.001 0.001 0.001 0.000 0.002 0.001 0.001 0.001 
Na 0.014 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.005 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.008 0.008 0.003 0.006 0.003 0.001 0.004 0.004 0.002 0.001 0.006 
Mn 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.005 0.002 0.000 
Cr 1.082 1.135 1.024 0.969 1.015 0.978 1.031 0.906 0.843 0.870 0.696 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
I 00Mg/(Mg+Fe2+) 39.4 43.8 59.5 52.4 56.2 60.6 48.2 53.9 52.2 49.7 51. I 
100Fe3+/(Cr+Al+Fe3+) 0.0 7.0 0.8 5.5 4.4 1.9 4.5 5.3 5.6 0.0 7.4 
Cr/( Cr+ Al) 0.60 0.60 0.50 0.50 0.50 0.50 0.50 0.49 0.45 0.44 0.38 
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Figure 4.16 Mg# olivine versus Cr/(Cr+Al) in co-existing spine! in transition zone. The olivines has 
Mg#87-91, and the co-existing spine! has Cr/(Cr+Al) of 0.20-0.60. Olivine in gabbro, hornblende 
gab bro, and granulite have Mg# 79-82 and Cr/(Cr+Al) of 0.2-0.3. The olivine and co-existing spine! 
in the harzburgites above the transition zone are Mg and Cr-rich. 
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Table 4 .. 25 Amphibole analyses 
Analysis I 2 3 4 5 6 7 
Sample number Mu976 Mu976 Mu976 Mu976 Mu977 Mu977 7557 
Si02 46.81 48.14 45.71 47.61 47.29 48.74 49.17 
Ti02 0.53 0.53 0.90 0.75 0.39 0.24 0.40 
Al203 12.92 11.42 12.48 12.68 11.26 10.24 9.61 
Cr203 0.66 0.77 1.04 0.60 1.05 0.91 1.89 
Fe203 0.64 0.69 0.78 0.69 0.69 0.68 0.49 
FeO 3.27 3.50 3.98 3.50 3.50 3.47 2.52 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 18.93 18.99 17.97 18.33 18.77 19.03 19.49 
Cao 12.17 11.99 12.92 12.12 13.10 13.33 13.03 
Na20 2.07 1.96 2.23 1.72 1.94 1.36 1.39 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Oxygens 23 23 23 23 23 23 23 
Si 6.534 6.713 6.447 6.630 6.634 6.809 6.846 
A!IV 1.466 1.287 1.553 1.370 l.366 1.19 l 1.154 
T site 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al VI 0.660 0.590 0.522 0.711 0.497 0.494 0.422 
Ti 0.056 0.056 0.095 0.079 0.042 0.026 0.042 
Cr 0.073 0.085 0.116 0.066 0.117 0.100 0.208 
Fe3+ 0.067 0.072 0.083 0.072 0.072 0.072 0.052 
Fe2+ 0.205 0.250 0.406 0.267 0.346 0.347 0.23 l 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 3.939 3.947 3.778 3.805 3.926 3.962 4.045 
Ca 
MI ,M2,M3 site 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
Fe2+ 0.177 0. 158 0.063 0.141 0.064 0.058 0.062 
Ca 1.820 1.792 1.937 1.809 1.936 1.942 1.938 
Na 0.003 0.050 0.000 0.050 0.000 0.000 0.000 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0.000 0.000 0.016 0.000 0.034 0.053 0.006 
Na 0.557 0.480 0.609 0.414 0.529 0.369 0.377 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
A-site 0.557 0.480 0.625 0.414 0.562 0.422 0.383 
SUM 15.557 15.479 15.625 15.414 15.562 15.422 15.383 
(Na+K) A-site 0.557 0.480 0.609 0.414 0.529 0.369 0.377 
A!IV 1.466 1.287 1.553 1.370 1.366 1.191 1.154 
Al VI 0.660 0.590 0.522 0.71 I 0.497 0.494 0.422 
Na at M4 0.003 0.050 0.000 0.050 0.000 0.000 0.000 
Ti at Ml site 0.056 0.056 O.Q95 0.079 0.042 0.026 0.042 
IOO*Mg/(Mg+Fe) 89.8 89.1 87.2 88.8 89.1 89.3 92.1 
I OO*Mg/(Mg+Fe2+) 91.2 90.6 88.9 90.3 90.5 90.7 93.2 
a Mg#= 100Mg/(Mg+Fe2+), b Mg#= IOOMg/Mg+Fe 
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Figure 4.17. Plots of Al(IV) versus Na+K(A) (upper right), Al (IV) versus Al(VI) (upper left), 
Na(M4) versus Na+K(A) (right middle), and Na (M4) versus Al(VI) (left middle), Al(IV) versus 
Mg# (bottom right), Al (IV) versus Ti at M-site (bottom left) for hornblende in transition zone 
rocks. 
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. Table 4.26. Magnetite analyses 
Analyses 1 2 3 4 
Sample LClO LC12 LC13 Mu977 
Si02 0.00 0.00 0.00 0.00 
Ti02 0.08 0.00 6.71 4.26 
Al203 0.12 0.00 4.62 11.14 
Cr203 1.42 0.00 13.59 11.04 
Fe203 60.02 67.38 44.45 40.57 
FeO 28.04 30.95 31.87 27.25 
MnO 0.00 0.00 0.32 0.32 
MgO 4.45 0.48 1.68 5.96 
Cao 0.23 0.00 0.11 0.06 
Na20 0.07 0.00 0.00 0.20 
Total 94.44 98.81 103.35 100.79 
Oxygens 3 3 3 3 
Si 0.145 0.024 0.000 0.079 
Al 0.005 0.000 0.194 0.436 
Fe3 1.665 1.952 1.064 0.917 
Fe2 0.884 0.996 1.077 0.853 
Mg 0.244 0.028 0.089 0.295 
Ca 0.010 0.000 0.004 0.002 
Na 0.005 0.000 0.000 0.013 
K 0.000 0.000 0.000 0.000 
Ti 0.002 0.000 0.180 0.106 
Mn 0.000 0.000 0.010 0.009 
Cr 0.040 0.000 0.383 0.290 
Total cations 3.000 3.000 3.000 3.000 
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4.9 PUB Tectonite Harzburgite 
Olivine. The harzburgite tectonites above the transition zone contain olivine compositions ranging 
from Mg91.4 to Mg93. l (Table 4.27). The compositions are similar to compositions obtained in 
earlier studies by England and Davies (1973), Mg91.6-93.6 and Jaques (1980), Mg92-93.4. Figure 
4.18 shows that the olivine in the harzburgite are higher in Mg# than olivine in the transition zone 
rocks. 
Table 4.27 Olivine analyses 
Analyses 1 2 3 4 5 6 7 8 9 10 11 12 
Sample M7 La977 M6 7959 MS Mu978 Mu975 7463 7599 7535 7534 La978 
Si02 41.10 41.09 41.26 41.75 41.31 41.61 41.39 41.09 41.69 41.63 41.71 43.07 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 
FeO 8.49 8.26 8.19 8.02 8.00 7.95 7.69 7.48 7.45 7.46 7.27 6.65 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 50.41 50.64 50.53 50.38 50.69 50.43 50.91 50.19 50.87 50.91 51.04 50.04 
CaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.98 99.98 99.97 100.15 99.99 99.99 100.00 98.75 100.00 100.00 100.00 99.99 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 
Si 1.000 0.999 1.002 1.011 1.002 1.009 1.003 1.005 1.008 1.005 1.007 1.034 
Fe2 0.173 0.168 0.167 0.163 0.163 0.161 0.156 0.153 0.151 0.151 0.147 0.133 
Mg 1.829 1.835 1.830 1.818 1.834 1.822 1.839 1.830 1.834 1.833 1.838 1.791 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Total 3.000 3.001 2.998 2.990 3.000 2.992 2.998 2.988 2.992 2.988 2.992 2.964 
Mg# 91.4 91.7 91.7 91.8 91.9 91.9 92.2 92.3 92.4 92.4 92.6 93.1 
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Table 4.28 Spine! analyses 
Analyses 1 2 3 4 5 6 7 8 9 10 11 12 
Sample 7535 7534 7599 7463 7959 Mu975 Mu978 M6 M7 MS La977 La978 
Ti02 0.04 0.00 0.04 0.00 0.00 0.04 0.05 0.12 0.06 0.00 0.06 0.00 
Al203 15.58 16.78 7.42 12.68 15.47 16.95 9.12 14.53 10.08 13.44 14.93 8.50 
Cr203 55.63 55.16 64.92 60.29 56.58 53.96 62.87 56.94 61.41 57.37 55.68 63.83 
Fe203 0.19 0.16 0.02 0.00 0.00 0.51 0.25 0.23 0.20 0.77 0.82 0.00 
FeO 16.73 16.38 16.87 15.12 16.47 16.80 16.74 16.20 17.89 17.49 17.25 18.56 
MnO 0.25 0.27 0.36 0.15 0.14 0.00 0.00 0.00 0.13 0.10 0.00 0.00 
MgO 11.15 11.26 10.38 11.78 11.35 11.75 10.98 11.98 10.26 10.85 11.21 9.12 
CaO 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.07 0.00 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0 100.01 100.00 100.00 100.00 
0 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 
Al 0.587 0.629 0.292 0.483 0.584 0.633 0.355 0.548 0.392 0.513 0.565 0.336 
Fe3+ 0.005 0.004 0.001 0.000 0.000 0.013 0.007 0.006 0.005 0.019 0.020 0.000 
Fe2+ 0.448 0.436 0.471 0.408 0.441 0.446 0.462 0.433 0.494 0.474 0.464 0.520 
Mg 0.532 0.534 0.517 0.567 0.541 0.556 0.540 0.571 0.505 0.524 0.537 0.456 
Ca 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.002 0.000 
Ti 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.003 0.002 0.000 0.002 0.000 
Mn 0.008 0.008 0.010 0.004 0.004 0.000 0.000 0.000 0.004 0.003 0.000 0.000 
Cr 1.407 1.386 1.711 1.539 1.432 1.353 1.638 1.439 1.602 1.469 1.413 1.690 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
100Mg/(Mg+Fe2+) 70 70 85 80 70 55.5 80 56.85 50.55 52.5 53.7 46.7 
Cr/( Cr+ Al) 0.71 0.69 0.85 0.76 0.71 0.68 0.82 0.72 0.80 0.74 0.71 0.83 
Chrome spinet 
Chrome spine! contains between 54-65 wt% Cr203 with Cr/(Cr+Al) between 0.7-0.8. Ti02, CaO, 
MnO and calculated Fe203 contents are quite low ( <1 wt %). Small differences exist between 
cores and rims in many spine! grains: rims commonly have lower Mg/(Mg+Fe2+), and slightly 
higher Al and Fe3+ than the cores. Figure 4.18 shows that Cr# of spine! increase with increasing 
Mg# of co-existing olivine from sole rocks up to the PUB harzburgite above the sole. 
The spine! data of harzburgite tectonites above the contact (ploted in Figure 4.19) show that 
in each creek section, Cr/( Cr+ Al) increases up section away from the base of the ophiolite. The plot 
in Fig. 4.19 shows that in Labai and Muguena creek sections the spine! in PUB harzburgite above 
the metamorphic sole become more Cr-rich compared to Al with increasing stratigraphic distance 
from the sole. In Labai Creek the increase in Cr# coincides with increase Mg# of co-existing 
olivine, but at Muguena the increase in Cr# coincides with decreasing Mg# of co-existing olivine. 
olivine. In calculating spine! structural formulae from the microprobe analyses on the basis of 4-
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implying crystallisation at low oxygen fugacity. However, chrome spinels do have higher Fe3+ at 
their rims, which may be attributed to an effect accompanying serpentinization at a late stage in the 
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Figure 4.18 Mg# olivine versus Cr/(Cr+Al) in co-existing spine! in harxburgite above the 
metamorphic sole (this study), PUB ophiolite harzburgite (Jaques, 1980) and Marum ophiolite 
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92.5 93.0 93.5 
Figure 4.19. Plot of lOOCr/(Cr+AI) in spine! versus Mg# in co-existing olivine in PUB harzburgites occurring 
above the metamorphic sole in the Muguena and Labai Creeks and other refractory harzburgites in the Musa-
Kumusi divide. In Labai Creek sample La978 occurs stratigraphically above La977. In Muguena Creek M6, 
M7, M8 and Mu978 occur stratigraphically above Mu975. The plot show that in Labai and Muguena creek 
sections the spine! in PUB harzburgite above the metamorphic sole become more Cr-rich compared to Al 
with increasing stratigraphic distance from the sole. In Labai Creek the increase in Cr# coincides with 
increase Mg# of co-existing olivine, but at Muguena the increase in Cr# coincides with decreasing Mg# of co-
existing olivine. 
The olivine-spine! geothermometer of Fabries (1979) as estimated for sample La978 gave 
recrystallisation temperature of 718-721°C, much lower than equilibrium temperatures obtain using 
the Wells (1977) two pyroxene geothermometer. Both the presence of clinopyroxene exsolution 
lamellae in orthopyroxene and the Mg/Mg+ Fe zoning in spine! indicate that the harzburgite went 
through a cooling path from an initial higher temperature formation. Olivine and orthopyroxene 
Mg# for PUB harzburgite above the transition zone in Muguena Creek (samples Mu975, Mu978, 
M6, M7, M8) and Labai Creek (La977, La978) are comparable to compositions obtained by Jaques 
(1980). Chrome spine! co-existing with olivine in ultramafic tectonites at Muguena and Labai 
Creek, however, are more aluminous (lower Cr#) than compositions reported by Jaques (1980) for 
the PUB harzburgite tectonites. The lower Cr# spine! indicate bulk composition differences or 
pressure and temperature variations at the ophiolite contact. 
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Orthopyroxenes 
Representative analyses of orthopyroxene and clinopyroxene exsolution lamellae are presented in 
Table 4.29 and 4.30 respectively. The orthopyroxenes are highly magnesian, and extremely low in 
Al203 and CaO contents, being essentially enstatite-ferrosilite solid solutions. Figure 4.22 of wt% 
Al203 versus Mg# shows orthopyroxenes in harzburgites close to the contact zone at Labai and 
Muguena Creeks. Samples La977 and Mu975 are more Al203-rich than orthopyroxes in samples 
La978 and Mu978 further away from the contact as indicated by the arrows in the Figure 4.19. 
Table 4.29 Orthopyroxene analyses 
Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 
Sa mole 7599 7535 7463 La978 7534 M2 M6 Mu975 7959 La977 M8 Mu978 M7 
Si02 58.38 58.53 58.42 59.64 58.12 58.25 57.71 57.53 57.89 57.46 58.13 57.91 57.62 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 0.28 0.63 0.51 0.40 0.75 0.38 0.73 0.87 0.82 0.77 0.31 0.17 0.65 
Cr203 0.32 0.26 0.34 0.48 0.41 0.30 0.47 0.47 0.40 0.47 0.23 0.28 0.47 
FeO 4.68 4.81 4.91 4.68 4.98 5.03 5.14 5.10 5.21 5.31 5.39 5.47 5.47 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 
MgO 35.90 35.44 35.72 34.21 35.44 35.71 35.39 35.36 35.05 35.30 35.44 35.80 35.18 
CaO 0.41 0.39 0.09 0.36 0.29 0.32 0.58 0.65 0.63 0.69 0.52 0.38 0.63 
Na20 0.00 0.00 0.02 0.24 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.98 100.06 100.01 100.00 100.00 99.99 100.00 100.00 99.99 100.00 100.00 100.00 100.00 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.994 1.997 1.995 2.033 1.989 1.994 1.980 1.974 1.985 1.974 1.994 1.988 1.980 
Al 0.010 0.025 0.020 0.017 0.030 0.015 0.030 0.035 0.033 0.031 0.013 0.007 0.026 
Fe2+ 0.133 0.138 0.140 0.134 0.142 0.144 0.147 0.146 0.149 0.153 0.155 0.157 0.157 
Mg 1.829 1.804 1.820 1.738 1.808 1.822 1.810 1.809 1.792 1.808 1.812 1.832 1.802 
Ca 0.015 0.014 0.003 0.013 0.011 0.012 0.022 0.024 0.023 0.025 0.019 0.014 0.023 
Na 0.000 0.000 0.002 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 
Cr 0.009 0.008 0.009 0.013 0.011 0.008 0.013 0.013 0.011 0.013 0.007 0.008 0.013 
Total 3.994 3.986 3.990 3.946 3.992 3.995 4.000 4.002 3.993 4.004 3.997 4.005 4.001 
Mg# 93.1 92.9 92.9 92.9 92 .. 7 92.7 92.5 92.5 92.3 92.2 92 .. 1 92.1 92.0 
En 92 92 93 92 92 92 91 91 91 91 91 91 91 
Fs 7 7 7 7 7 7 8 7 8 8 8 8 8 
Wo 1 1 0 1 1 1 1 1 1 2 1 1 1 
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Table 4.30 Clinopyroxene analyses 
Analysis 1 2 
Sample Mu975 La977 
Si02 54.28 53.87 
Ti02 0 0 
Al203 0.66 0.56 
Cr203 0.43 0.36 
FeO 1.52 1.91 
MnO 0 0 
MgO 18.17 19.27 
CaO 24.95 24.03 
Na20 0 0 
K20 0 0 
Total 100 100 
Oxygens 6 6 
Si 1.97 1.956 
Al O.Q28 0.024 
Fe2+ 0.046 0.058 
Mg 0.983 1.043 
Ca 0.97 0.935 
Na 0 0 
K 0 0 
Ti 0 0 
Mn 0 0 
Cr 0.012 0.01 
Total 4.01 4.027 
Mg# 95.5 94.7 
En 49 51 
Fs 2 3 
Wo 49 46 
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Figure 4.21. Plot of co-existing clinopyroxene lamellae in host orthopyroxenes and adjacent olivine 
in harzburgite overlying the metamorphic sole. 
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Clinopyroxene exsolved out of the orthopyroxenes has lower Ali03 contents (Table 4.30). Figure 
4.21 shows variation of orthopyroxene and olivine co-existing with the clinopyroxene lamellae. 
Temperature of equilibration by two pyroxene thermometry (Wells, 1977) was used to estimate 
equlibration temperatures for two harzburgites samples (Mu975, La977) directly overlying the 
metamorphic sole. The enstatite activity of clinopyroxene lamellae, enstatite activity of 
orthopyroxene host and the X(Fe) in orthopyroxene were used to estimate equilibration temperature. 
Fe20 3 was determined using recalculation method of Robinson(l 980), and enstatite activities of the 
pyroxenes were estimated using the method of Wood & Banno(l 973). In sample La977 temperature 
estimated range from 946-949°C. In sample Mu975 temperatures of 803-805°C were obtained. These 
temperature estimates suggest that the tectonite harzburgite overlying the metamorphic sole cooled 
and re-equilibrated to temperatures reaching 803°C to 949°C . 
4.10 Discussions and conclusions 
The sampling and thin section examinations have established that there is a sequence from 
greenschist and albite + epidote amphibolite facies in the Emo Metamorphics lithologies (basaltic 
compositions) through amphibolite to hornblende granulite and hornblende + olivine granulites close 
to the ultramafic contact. There is a strong compositional contrast, expressed in Mg# of olivine and 
co-existing phases as well as mineral proportions, from hornblende granulite assemblages to 
hornblende-bearing lherzolites to harzburgite assemblages of the ultramafic rocks. 
Mineral chemistry of the sole rocks also indicate a compositional gradient of decreasing 
silica and alkalis and increasing Mg# of ferromagnesian phases, from the Emo Metamorphics 
through amphibolite and hornblende granulite. This gradient is irregular in that layering conformable 
with the attitude of the metamorphic foliation provide 'scatter' and variability in mineral phase 
proportions. Similarly, there is a compositional gradient within the ultramafic sheet in that extremely 
refractory harzburgites distant from the contact, become more variable in mineralogy and relatively 
enriched in Fe/Mg, Al/Cr (seen in spine!) and in small but significant Ca, Al, Na, Ti contents with 
approach to the contact. 
The metamorphic textures of all rocks show strong metamorphic foliation with variation 
from nematoblastic and lepidoblastic (hornblende prism alignment) in greenschist and amphibolites 
to lepidoblastic/granoblastic in the banded granulites. Some hornblende-rich rocks, particularly at the 
ultramafic contact, have textures, which although showing hornblende alignment, have interlocking 
'gabbroic' grain boundaries-these are designated as hornblende gabbros but the detailed mineralogy 
does not differentiate them from many of the hornblende granulite samples. The thin section 
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examination also revealed examples of deformation events at lower temperature conditions 
superimposed on higher grade assemblages (e.g., 7544 with greenschist shear zone overprinting 
amphibolite). 
In the Transition Zone, the strongly banded rocks show textural differences in that 
harzburgite layers have very fine grain-size, particularly of olivine, and spine! forms schlieren-Iike 
layers having an appearance approaching dunite or harzburgite mylonite. These are interlayered with 
lherzolite to pyroxenite in which saussuritized plagioclase and/ or pargasitic hornblende are very 
minor components. These different bands have 'granoblastic' to 'gabbroic' texture and grain-size ten 
times that of olivine in the mylonite layers. 
The estimation of conditions of crystallization for the metamorphic assemblages, using both 
am phi bole composition and compositions of co-existing pyroxene pairs, was presented in the earlier 
sections. To summarize these estimates, which are acknowledged as having considerable 
uncertainity, the brown hornblende amphibolites of the metamorphic sole crystallized at 
approximately 4 kbar, 800°C, the granulites at ~3-4 kbar, 900-1000°C, hornblende gabbro and 
Transition Zone rocks and the harzburgite above the Transition Zone shows a cooling history 
(pyroxene exsolution) from some (unknown) higher temperature to approximately 1000°C. Pressure 
estimates of ~3-4 kbar for the metamorphic sole are derived from estimates of the thickness of the 
overlying Papuan Ultramafic Belt (Davies, 1980). 
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CHAPTER 5: GEOCHEMISTRY 
5.1 Aims and Scope 
The major and trace element compositions of samples from the metamorphic sole of 
the PUB have been analysed to address key questions surrounding the formation of the 
metamorphic sole: 
( 1) What is the protolith to the metamorphic sole and does it have significance for the 
tectonomagmatic setting of PUB obduction? 
(2) To what extent have the metamorphic sole rocks been modified during formation 
and by what processes? 
(3) Does the sole undergo partial melting? If so, can constraints be placed on the 
conditions of melting? 
The bulk major and trace element compositions within the PUB metamorphic sole are 
evaluated herein in terms of whether compositional variations can be related to: (i) metamorphic 
grade; or (ii), original compositional variation existing within the protolith. This is achieved by 
first simply comparing the major and trace element composition relationships between the 
relatively low grade greenschists and amphibolites of the metamorphic sole to the compositions 
of greenschists and blueschists in the Emo Metamorphics (down section), and to the 'higher 
grade' gabbros and transition zone rocks (up-section). It should be borne in mind that the 
observed rock composition may be subject to a complex sequence of chemical modifications that 
have occurred both prior and to during the metamorphism that is associated with PUB 
emplacement (e.g., Pearce, 1980). Preexisting spatial relationships between lithologies are also 
likely to be disrupted by faulting and shearing during emplacement of the ophiolite, as evidenced 
elsewhere, where metamorphic soles occur 'welded-on' to the overthrust sheet and resting on 
unmetamorphosed rocks or a melange (e.g., see Williams and Smyth; 1973, Ghent and Stout, 
1981 ). 
5.2 Analytical methods 
5.2.1 Sample Selection 
Representative samples were selected for whole rock analysis from the range of 
lithologies collected from the metamorphic sole and overlying base of the PUB. Particular focus 
was placed on obtaining analyses of lithological variants sampled within the higher metamorphic 
grade parts of the sole (granulites and gabbros) and from the Transition Zone. Each sample 
selected for analysis was cleaned of weathered and altered surfaces, prior to being coarsely 
crushed to pea-sized chips, from which ~80g was split and crushed to fine powder in a tungsten 
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carbide ring mill. The powdered samples were packed into labeled glass bottles for XRF and 
ICP-MS analyses. 
5.2.2 XRF major and trace element analysis 
Duplicate whole rock major element analyses for each sample were obtained using 
routine X-ray fluorescence (Philips PW1440) analysis procedures in the Geology Department, 
The Australian National University, based on the methods of Norrish and Hutton (1969) and 
Norrish and Chappell (1977). Major elements were determined on fused Li-borate glasses using 
a Phillips PW1440 spectrometer. FeO values were determined using HF digestion with 
ammonium metavanate. The resulting solution was titrated with standardised potassium 
dichromate to determine unoxidized FeO. Pressed powdered pellets were formed by mixing 15 g 
of finely crushed rock powder thoroughly with 2 ml of PY A adhesive liquid, then pressed into a 
25mm disc under ten tons pressure. Samples 7442, 7448, 7450, 7494, 7479, 7485, 7486, 7536 
were analysed in 1994, whereas other samples were analysed between 1996 and 1999. 
5.2.3 ICPMS analysis 
Additional trace element and rare-earth element (REE) analyses were obtained for a 
significant number of samples by ICPMS (inductively coupled plasma mass spectrometry) 
techniques at the ANU using a VG PQ2+ STE quadrupole mass spectrometer. Six samples were 
analysed in 1995 by solution-nebulisation ICP-MS using the multiple internal standard method 
of Eggins et al. (1997). Subsequent analyses were performed by laser-ablation ICP-MS analysis 
of fused sample powders prepared using a Li-meta/tetraborate flux following standard 
procedures for XRF major element analysis (Eggins, submt.). CaO was employed as the internal 
standard using concentrations measured by XRF. It should be noted that laser ablation IPCMS 
analyses are subject to small levels of La contamination ( ~5-15 ppb) present in the Li-borate flux 
which affects only low-level samples to a significant extent. 
5.3 Whole rock major and trace element Chemistry 
The major and trace element data for each sample are summarised in Table 5.1, and 
selected data are plotted in a series of Harker Diagrams employing MgO as the x-axis in Figure 
5.1 (major elements) and Figure 5.2 (trace elements). 
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Table 5.1 Representative wholerock major (XRF data) and trace element compositions (laser 
ICPMS) for the principal lithological units observed in the PUB metamorphic and the overlying 
PUB harazburgites (GS greenschist, AM amphibolite, GR granulite, HBGB hornblende gabbro, 
TZ Transition Zone, PUBHZ PUB harzburgite). 
Analyses I 2 3 4 5 6 7 8 9 10 
Sample L2 7544B 7544A 7595 7486 7485 7493* 46839 7487 TLa972 
Rock Tvoe GS GS AM AM AM AM GR GR GR GR 
Si02 46.6 48.I 48.7 46.7 44.2 46.0 45.4 45.0 47.2 46.2 
Ti02 2.5 I.I 1.9 2.9 2.4 1.4 0.6 2.3 1.6 2.2 
Al203 16.5 20.5 13.7 13.3 I 1.3 9.4 2.1 I 1.2 J0.8 10.7 
Fe203 14.0 9.3 I I. 7 14.0 13.5 12.8 14.1 14.0 13.l 13.5 
MgO 6.6 3.8 9.2 9.4 15.1 20.4 25.3 14.0 15.6 15.8 
MnO 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
CaO 8.9 14.8 I 1.6 J0.9 11.0 8.3 12.l 12.0 9.7 9.4 
Na20 4.2 1.9 2.8 2.3 2.0 1.3 0.2 1.3 1.5 1.8 
K20 0.2 0.0 0.1 0.1 0.2 0.3 0.0 0.1 0.2 0.1 
P205 0.4 0.3 0.1 0.2 0.3 0.1 0.0 0.1 0.1 0.2 
Total 100.0 100.0 JOO.O 100.0 JOO.I JOO.I 100.0 JOO.I 100.0 JOO.O 
Mg# 45.8 42.2 58.4 54.6 66.6 74.1 76.2 64.l 67.9 67.6 
Trace elements 
Sc 34 22 42 33 33 24 40 36 40 30 
Ti 14594 6480 10647 15827 12415 7713 9161 6575 7573 
v 286 268 272 356 292 209 349 260 244 196 
Cr 54.72 403.6 718.2 1220 1460 830 1073 1203 1518 
Ni 56 192 280 595 945.1 352 625 625 J080 
Cu 91.4 273.2 54.6 J06. I 1632 210 83.3 97.3 127.5 
Zn 99.8 46.1 94.2 77.57 71.1 105 J00.8 83.6 89.3 
Ga I 9.4 40.7 19.1 18.6 16.33 I 1.49 16.9 13.4 I 1.7 
Rb 0.56 2.35 2.44 0.27 1.56 2.22 0.05 3.72 0.47 8.27 
Sr 467.2 305.9 122.l 246.9 184.6 77.56 187 161.6 104.8 129.93 
y 27.07 16.24 23.76 32.34 30.1 I 15.62 15 22.67 18.5 15.86 
Zr 228.8 66.75 105.6 145.7 142.9 65.57 19 87.35 22.07 77.87 
Nb 16.01 5.64 8.51 16.21 7.596 3.58 4 6.02 1.23 5.72 
Cs 0.05 0.05 0.24 0.5 
Ba J00.6 42.55 14.68 15.6 12.77 31.12 6 18.92 8.24 45.54 
La 20.38 7.49 7.72 J0.32 8.08 3.55 I 6.08 0.82 5.28 
Ce 47.8 14.35 19.12 27.95 21.44 9.378 6 16.03 3.46 13.26 
Pr 6.45 I.94 2.71 4.04 3. 126 1.408 2.36 0.74 1.86 
Nd 30 9.5 13.9 20.46 16.55 7.71 12.65 5. 17 9.43 
Sm 7.29 2.56 4.1 5.66 4.968 2.464 3.79 2.38 2.76 
Eu 2.51 I.I I 1.54 1.98 1.755 1.033 1.4 I 0.91 1.06 
Gd 6.75 3.02 4.68 6.38 5.772 2.857 4.26 2.95 2.99 
Dy 5.88 3.07 4.76 6. 18 6 3 4.36 3.55 
Ho 1.03 0.57 0.87 0.83 0.71 3.09 
Er 2.7 1.6 I 2.38 3.2 3 1.56 2.39 2.06 0.6 
Yb 2. 18 1.44 1.89 2.65 2.45 1.29 2.02 1.68 1.68 
Lu 0.31 0. 18 0.28 0.37 0.35 0.19 0.28 0.23 1.42 
Hf 5.62 1.7 2.79 3.78 3.71 1.7 I 2.51 1.02 0.19 
Ta 1.56 I. I 1.41 1.03 0.59 0.3 I 0.9 0.72 2.01 
Pb 3.81 2.61 2. 13 1.53 1.44 1.36 I 2.6 1.97 I.OJ 
Th 1.77 0.84 0.4 0.18 0.38 0.3 0.5 0.19 0.01 1.92 
u 0.5 0.35 0.16 0.08 0.15 0.09 0.5 0.08 0.02 0.5 
Trace elements determined by Laser ICP-MS, major element oxides determined by XRF analysis. 
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(Table 5.1 continued) 
Analyses II 12 13 14 15 16 17 18 19 20 
Sample TLa973 7442 7450 7479 7590 7536 7567 TLa973 TLa971 TLa97la 
Rock Tvoe GR GR GR GR GR GR GR GR HBGB HBGB 
Si02 46.52 45.49 45.72 46.24 44.95 45.69 46.3 46.3 43.2 45.2 
Ti02 1.37 1.16 1.4 1.94 1.8 1.31 1.53 0 I. I 0.6 
Al203 8.97 8.1 8.78 10.01 8.6 8.15 9.71 0.9 5.3 3.9 
Fe203 12.09 13.34 13.28 13.81 14.28 13.43 13.95 10.2 14.2 12.3 
MgO 21.49 23.19 21.51 17.06 19.29 22.39 17.86 41.6 25.1 26.4 
MnO 0.16 0.16 0.16 0.17 0.16 0.16 0.16 0.2 0.2 0.2 
Cao 7.79 7.43 7.52 9.08 9.56 7.6 8.69 0.8 10.3 11.3 
Na20 1.16 1.01 1.41 1.52 1.33 1.18 1.63 0 0.6 0.2 
K20 0.34 0.11 0.21 0.11 0.08 0.11 0.11 0 0 0 
P205 0.11 0.1 0.09 0.14 0.04 0.07 0.13 0 0 0 
Total 100 100.09 100.08 100.09 100.09 100.08 100.09 100 100 100 
Mg# 76.0 75.6 74.3 68.8 70.7 74.8 69.5 87.9 75.9 79.3 
Trace elements 
Sc 42 22 24 27 35 31 39 44 42 22 
Ti 5361 5947 7029 9815 10778 8993 10671 
y 234 194 217 270 296 216 288 188 136 66 
Cr 1238 1659 1483 1176.3 1310 1440 2503.42 4952 6135 
Ni 498 1014 996 719.21 677 788.2 1030 1080 1750 
Cu 36.8 123 41.2 99.67 54.5 7.18 30.5 14.8 5.7 
Zn 68 83 81 93.63 88.418 82.876 56.1 34.9 41.7 
Ga 10.40 11.00 12.03 14.79 10.95 14.35 12.34 3.50 2.70 0.50 
Rb 0.74 1.08 2.52 0.41 0.34 0.844 0.411 0.9 0.8 0.8 
Sr 141.8 94.8 125 164.76 107.028 93 107 8.5 8.7 3.8 
y 13.55 14.9 18.07 23.07 19.523 24 18 6.4 3 0.6 
Zr 8.41 67 70.5 85.91 18.725 110 40 6.3 2.6 1.5 
Nb 0.28 4.72 5.25 7.79 2.67 8.31 4.81 1.7 1.2 I 
Cs 0.03 0.04 0.16 0.109 0.441 0.567 I.I 0.9 1.3 
Ba 9.22 5.34 28.27 7.78 4.268 10.74 5.917 1.8 5 2.1 
La 0.49 3.97 3.65 4.75 0.308 6.461 1.686 0.5 I 0.8 
Ce 2.25 10.66 11.46 15.44 3.117 20.719 8.339 nd 1.2 
Pr 0.51 1.65 1.89 2.56 0.918 3.337 1.721 2.6 2.3 2.6 
Nd 4.08 8.09 9.52 12.82 7.07 16.414 9.917 1.9 1.3 1.8 
Sm 1.61 2.37 2.84 3.77 2.866 4.639 3.343 
Eu 0.67 0.63 0.99 1.33 I. I 1.488 1.208 
Gd 2.17 2.69 3.26 4.23 3.659 5.064 3.943 
Dy 0.45 0.54 0.7 0.842 0.665 
Ho 2.72 2.6 3.15 4.06 3.685 4.907 3.905 
Er 0.52 0.52 0.63 0.81 0.985 0.771 
Yb 1.55 1.39 1.67 2.12 1.875 2.634 1.996 
Lu 1.24 I.I I 1.34 1.72 1.458 2.168 1.555 
Hf 0.16 0.16 0.19 0.24 0.2 0.308 0.217 
Ta 0.52 1.64 1.85 2.32 1.007 3.134 1.656 nd nd 
Pb 0.59 0.39 0.41 0.57 0.219 0.516 0.355 nd nd 
Th 2.08 0.19 0.18 0.12 0.824 0.208 0.025 0.5 1.3 1.3 
u 0.01 0.35 0.09 0.03 0.002 0.069 0.003 nd nd 
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(Table 5.1 continued) 
Analyses 2I 22 23 24 25 26 27 28 29 30 
Sample TLa97Ic TLa97Ie La97I LC7 Mu976 Mu977 Mu977 LCI3 7557 MCS 
(XRF) 
Rock Tvoe HBGB HBGB HBGB HBGB TZ TZ TZ TZ TZ TZ 
Si02 46.1 45.1 42.57 45.54 49.4 47.1 47.I 46.3 43.4 43.I 
Ti02 0.4 0.5 1.93 1.12 O.I 0 0 0 0 0 
Al203 2.5 3.4 8.2 I 1.25 3 1.6 1.6 0.9 0.8 0.9 
Fe203 11.7 12.5 14.46 I3.02 7.8 8.9 8.9 10.2 II 9.3 
MgO 26.6 27.4 21. I2 17.29 28.7 38 38 41.6 43.9 45 
MnO 0.2 0.2 0.19 0.19 O.I 0.1 0.1 0.2 0.2 O.I 
Cao I2.5 10.7 10.44 10.42 10.6 4.1 4.I 0.8 0.7 1.6 
Na20 0.2 0.2 1.06 I. I I 0.1 0 nd 0 nd 0 
K20 0 0 0.04 0.06 nd 0 nd 0 nd 0 
P205 0 0 0 O.OI nd 0 nd 0 nd 0 
Total 100 100 100 JOO 100 100 100 100 100 100 
Mg# 80.2 79.6 72.3 70.3 86.8 88.4 88.4 87.9 87.7 89.6 
Trace elements 
Sc 16 0 35 36 nd IO nd 0 nd 0 
Ti 2021 I0778 12274 444 I41 27 18 40 
v 48 0 296 298 nd 30 nd 0 nd 0 
Cr 7777 984 6470 
Ni 1880 615 2160 
Cu 6.1 88.6 3.6 
Zn 41.8 104.4 38.7 
Ga 0.90 0.00 10.95 I7.50 nd 0.30 nd 0.00 nd 0.00 
Rb 0.6 l.768 0.34 2.77 l.839 0.700 1.049 0.3083 0.2850 0.412 
Sr 1.6 9.797 107.028 163.38 8.409 3.600 3.308 0.5364 0.5540 1.502 
y nd 5.081 I9.523 27.32 2.09I 0.37 0.0380 0.0370 0.075 
Zr I 3.018 18.725 91.54 l.442 0.800 0.508 0.1237 0.0890 0.171 
Nb 0.5 0.090 2.67 8.91 0.136 0.600 0.063 O.OI45 0.0190 0.039 
Cs 0.9 0.000 0.109 nd 0.800 nd 0.0000 nd 0.000 
Ba 0.6 2.814 4.268 10.18 3.318 0.800 0.71 0.3770 1.3560 0.205 
La 0.4 O.I94 0.308 5.48 0.164 0.400 0.08I 0.0275 0.02IO 0.039 
Ce nd 0.404 3.117 18.01 0.203 1.600 0.07 0.0248 0.0050 O.OI8 
Pr 2.7 0.116 0.918 2.9I 0.048 2.000 0.02 0.0034 0.0020 0.004 
Nd nd l.l07 7.07 I5.52 0.259 0.102 0.012I 0.0090 0.02I 
Sm 0.558 2.866 4.7 0.14 0.043 0.0105 0.0040 0.012 
Eu 0.219 I.I l.73 0.061 0.018 0.002I 0.0020 0.005 
Gd 0.850 3.659 5.19 0.23I 0.06 0.0056 0.0050 0.014 
Dy 5.33 
Ho 0.994 3.685 0.98 0.343 0.069 0.0089 0.0090 0.015 
Er 0.202 2.71 0.076 O.OI7 0.0024 0.0010 0.004 
Yb 0.537 l.875 2.I4 0.235 0.053 0.0079 0.0040 0.007 
Lu 0.429 l.458 0.3I 0.257 0.052 0.0060 0.0060 O.OII 
Hf 0.059 0.2 2.73 0.042 O.OI l O.OOI5 0.0020 0.003 
Ta nd O.I92 l.007 1.08 0.069 0.026 0.007I 0.0040 0.009 
Pb nd 0.276 0.219 2.52 0.208 0.095 0.0027 0.0150 0.027 
Th nd 1.616 0.824 0.01 1.336 l.2 I I 0.2275 0.2300 0.412 
u nd 0.007 0.002 0.01 0.01 0.004 O.OI l I 0.0010 0.003 
102 
Chapter 5: Geochemistry 
(Table 5.1 continued) 
Analyses 31 32 33 34 35 36 37 38 39 40 
Sample Mu977 La972* La972 Mu973 Mu975 Mu975 Mu978 La973 La976 La977 
Rock Type TZ PUB HZ PUB HZ PUB HZ PUB HZ PUB HZ PUB HZ PUB HZ PUBHZ PUBH 
z 
Si02 44.3 45.2 45.2 43.I 44.2 44.3 45 44.2 44.3 43.1 
Ti02 0 0 0 0 0 nd 0 nd nd nd 
Al203 0.3 1.5 1.5 0.1 0.3 0.3 0.2 0.3 0.3 0.2 
Fe203 7.6 9.2 9.2 8.1 7.7 7.6 7.5 7.9 7.7 8.1 
MgO 47.5 41.1 41.1 48.5 47.5 47.5 47.1 47.4 47.4 48.3 
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Cao 0.2 2.9 2.9 0.1 0.2 0.2 0.1 0.2 0.2 0.2 
Na20 0 0 nd nd nd nd nd nd nd nd 
K20 0 0 nd nd nd nd nd nd nd nd 
P205 0 0 nd nd nd nd nd nd nd nd 
Total JOO 100 100 100 100 100 100 100 100 100 
Mg# 91.8 88.8 88.8 91.4 91.7 91.8 91.8 91.4 91.6 91.4 
Trace elements 
Sc 8 50 nd 7 37 5.8 1.8 2.0 1.5 
Ti 73 7 2009 4 3.2 1.2 0.4 0.4 
y 24 234 nd 7 183 11.6 2.6 2.9 3.3 
Cr 6662 2318 
Ni 2580 1010 
Cu 1.5 4.2 
Zn 46.3 59.5 
Ga 5.80 nd 2.76 0.07 0.07 0.07 
Rb 0.7 1.4 0.68 0.085 0.013 0.056 0.087 0.048 
Sr I.I 10.7 1.944 0.363 6.66 0.192 1.359 0.053 0.063 0.232 
y 8.4 0.233 0.01 I 6.101 0.003 0.002 0.004 0.013 0.001 
Zr 0.9 5 0369 0.06 4.945 0.027 0.067 0.022 0.031 0.024 
Nb 0.7 I.I 0.044 0.017 0.021 0.006 0.008 0.004 0.004 0.004 
Cs 0.9 1.4 nd 0.0064 0.0211 0.088 0.005 0.019 0.014 
Ba 12 1.4 0.222 0.165 0.561 0.025 0.25 0.031 0.062 0.04 
La I. I 0.7 0.079 0.037 0.156 0.006 0.038 0.006 0.013 0.007 
Ce 0.031 0.013 0.839 0.002 0.01 I 0.003 0.017 0.003 
Pr 1.2 1.8 0.01 0.002 0.235 0.001 0.004 0.0004 0.002 0.001 
Nd 2.2 0.042 0.006 1.717 0.002 0.002 0.002 0.009 0.002 
Sm 0.023 0.003 0.828 0.001 0.003 0.001 0.002 0.001 
Eu 0.015 0.306 0.001 0 0 0 
Gd 0.032 0.006 1.197 0.001 0.001 0.004 0.001 
Dy 
Ho 0.032 0.006 1.259 0.0011 0.003 0.0003 0.0018 0.0001 
Er 0.011 0.0001 0 0 0 
Yb 0.032 0.002 0.606 0.0009 0.001 0.0015 0.0004 
Lu 0.025 0.003 0.473 0.0011 0.002 0.0009 0.0012 0.0011 
Hf 0.007 0 0.063 0.0002 0 0.0003 0.0003 0.0003 
Ta 0.014 0.003 0.246 0.0014 0.004 0.0007 0.0018 0.0009 
Pb 0.064 0.048 0.049 0.0037 0.022 0.0051 0.0054 0.0033 
Th 0.625 1.052 0.965 0.4142 0.873 0.2945 0.3111 0.2653 
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Figure 5.1 Major element bivariate plots showing PUB metamorphic sole and peridotite samples (analy:sed in this 
study) compared to PUB basaltS, cumulates and tonalities (Jaques, 1980; Jaques and Chappell, I 980). and blueschists 
grcenschist and amphibolite from the Emo metamorphics (Worthing and Crawford, 1996). Blue arrows indicate 
compositional trends occurring within the PUB metamorphic sole with increasing metamorphic grade. PUB 
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Figure 5,2 Trace element versus MgO bivariate plots showing PUB metamorphic sole and peridotite samples 
(analysed in this study) compared to PUB basalts, cw11ulates and tonalities (Jaques, 1980; Jaques and Chappell, 
t 980), and Emo mctamorp!Jics (Worttling and Crawford. 1996). Blue arrows iJ1dica1e compositional trends 







Chapter 5: Geochemistry 
5.3.1 Greenschists and Amphibolites 
Analysed greenschist and amphibolite samples (see Table 5.1) have basaltic 
compositions that are characterised by moderate to high Ti02 contents ranging from about 0.6 to 
almost 3 wt% (see Figure 5.1 ). The analysed greenschists have significantly lower MgO contents 
and Mg# values (42 to 46) than the amphibolites (Mg # 55 to 74). The greenschists and 
amphibolites, together with the granulites collectively form clear and consistent trends toward 
decreasing Si02, A'203, Na20, K20 and possibly also P20s contents with increasing MgO content. 
At the same time total FeO* contents are notable for remaining relatively constant. Ti02 are 
much dispersed but also appear to decrease with increasing MgO. No systematic variation is 
evident for CaO contents, with the greenshists having generally lower values than the 
amphibolites. The bulk (major element) compositions of the greenschists and amphibolites with 
<l O wt% MgO analysed in this study overlap broadly with the field composition of Emo 
metamorphics reported by Worthing and Crawford ( 1996). 
Trace element data for the greenschists and amphibolites show consistent trends of 
covariation with MgO as are similar to those observed for the major elements (Figure 5.2). The 
compatible elements (Cr and Ni) and incompatible trace element, Y, show strong linear 
increases with MgO, whereas the immobile, moderately to highly incompatible, trace elements 
(Zr, Nb, Ce) tend to display broad decreases with MgO. Data for Ba (a more mobile 
incompatible element) are much more scattered. Relatively tight trends of decreasing V and Sr 
with increasing MgO are formed by the amphibolite and granulite samples, that are consistent 
with incompatible behaviour of these elements during differentiation of relatively mafic 
(plagioclase- and magnetite-undersaturated) magmas. Again the compositions of greenschists 
and amphibolites with <10 wt% are broadly consistent with Emo metamorphic compositions 
reported by Worthing and Crawford ( 1996). 
Chrondrite normalised (CN) REE patterns for the greenschists and amphibolites are 
plotted in Figure 5.3. The patterns are characterized by variable, but generally moderate to 
strong LREE enrichment (LacN ranging from 14 to 85) with significant and broadly parallel 
degrees of middle-heavy REE fractionation (Dy/YbCN > 1; Figure 5.3). These REE patterns are 
similar to some of the Emo metabasite patterns reported by Worthing and Crawford (1996), 
particularly those identified as being of Type II composition. These REE patterns bear 
similarities to the few available full REE analyses reported for the Tumu River basalts (of the 
Marum ophiolite; Jaques, 1980) but are distinct from the flat to moderately LREE-depleted REE 
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Figure 5.3. CI chondrite normalised REE patterns. (a)-(b) greenschists and ampibolites compared to Worthing and Crawford (1996); 
(c) metamorphic sole granulites; (d) gabbros; (e) Transition Zone Rocks and harzburgite above the sole; (1) PUB basalts and Tumu 
River Basalts (re-analysed from Jaques, 1980); (g) Dabi Volcanics, PUB Tonalite and Miocene Porphyry (Mu972), and (h) Miocene 
Porphyry (samples 7454 and Mu972). 
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5.3.2 Granulites 
The granulites span a range of compositions that are more mafic than the greenschists 
and most amphibolites, with MgO contents ranging from 10.5 up to 25.3wt% MgO (Mg# 60 to 
76). The granulites have lower average Si02, CaO, AJi03 , Na20 and K20 than the amphibolites. 
Na20 contents overlap with those of the amphibolites at MgO <20 wt%. Ti02 contents in the 
granulites are also similar to concentration levels in the amphibolites, and form a decreasing 
trend with increasing MgO (see Figure 5.1 ). As also noted previously, the granulites form good 
correlations observed between the compatible trace elements (Ni and Cr), and incompatible trace 
element (especially Y) with increasing MgO contents (Figure 5.2). Incompatible trace elements 
(V, Zr, Nb Ce, and Ba) do not show clear correlation with increasing MgO contents. The high 
MgO and normative olivine contents (>10%) of the granulites, combined with the relatively high 
incompatible trace compositions of these rocks, suggest possible similarities to picritic magma 
compositions rather than incompatible element depleted cumulate lithologies. 
The granulites span a range of REE patterns with many samples closely matching and 
overlapping with the amphibolites patterns (Figure 5.3 c), although most of these show evidence 
of slight depletion of La and Ce relative to Nd and Sm. A subset of samples have much more 
strongly developed LREE depletion, with LacN dipping to values below 10 and as low as 2. 
However, all the granulites have fractionated middle to heavy REE patterns (i.e. Dy/YbCN > 1) 
that are parallel to those of the lower grade greenschists and amphibolites, and the Emo 
Metamorphics, indicating the existence of a close genetic link between these different lithologies 
with the PUB metamorphic sole. 
5.3.3 Gabbros (hornblende gabbro and gabbro) 
Gabbro bulk compositions are characterised by yet higher overall MgO contents (18-30 
wt% MgO) and Mg# values (70-80) than the granulites (see Figure 5.1). The gabbros lie on the 
extensions of trends observed in greenschists through amphibolites to granulites of decreasing 
Si02, Al203 (inpart), Na20 with increasing MgO. However, they are notable for being slightly 
offset toward higher CaO and, in the case of the most magnesian compositions, toward lower 
Al203 from trends formed by the 'lower grade' lithologies. The incompatible element oxides, 
K20 and P20 5, are near or below detection limits, and thus broadly consistent with reduced 
concentrations of these oxides and related MgO contents in the lower grade rock types. 
Similarly, Ti02 contents range down to values below those occurring in the underlying rock 
types. Most trace element data also lie on continuations of the trends formed by the greenshists 
through amphibolites to granulites, except V, which forms a parallel decreasing trend with MgO 
that is offset to higher V concentrations (Figure 5.2). Cr and Ni contents are notable for 
reaching very high values in the most magnesian samples (~2500ppm and lOOOppm 
respectively). The gabbros REE patterns show significantly greater LREE depletion than the 
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granulites, yet retain the characteristic degrees of middle-heavy REE fractionation and parallel 
patterns to those observed in greenschists, ampibolites, granulites and Emo metamorphics. 
5.3.4 Transition Zone Samples 
Transition Zone samples are ultramafic in composition with very high MgO contents 
(28.7-45 wt% MgO and Mg# 86.8-91.8). These rocks have bulk compositions that plot near the 
PUB harzburgites but generally offset toward the compositions of the most mafic gabbros (see 
Figure 5.1 ). The transition zone samples are characterised by low but still significant 
concentrations of CaO (<1up4 wt%) and Al20 3 (0.8-3 wt%) and very low concentrations of the 
incompatible minor element oxides (Ti02, Na20, K20, P20s). These compositions have 
similarities to an olivine pyroxenite previously reported from the PUB cumulate sequence 
(Jaques, 1980) but do not generally compare with other cumulate sequence Jithologies from the 
PUB. The latter with significantly lower Mg# (81.1-86.0) and bulk compositions that reflect 
large modal proportions of plagioclase (see Figure 5.1 ). Incompatible trace element 
concentrations in the Transition Zone rocks are notable for approaching the extremely low 
values of the PUB harzburgites. V and Ni concentrations plot between the sole gab bro and PUB 
harzburgite compositions (Figure 5.2), whereas Cr concentrations lie well away from trends 
formed by other samples and are exceptionally high (5000-8000ppm), even when compared to 
the PUB harzburgites (2000-2800ppm). 
REE concentrations of the Transition Zone samples are very low (0.1-2x chondrites) 
and are characterized by moderately LREE (through middle REE) depleted patterns (Figure 5.3). 
These REE patterns are distinct from those of the underlying metamorphic sole lithologies and 
represent a break in the sequence of patterns observed with increasing metamorphic grade in 
those rocks (Figure 5.3). 
5.3.5 PUB Harzburgites 
A small number of PUB harzburgites were analysed for major and trace elements. These 
samples are characterised by very high Mg# (91.4 to 91.8; average= 91.6), which is slightly 
lower than the average Mg# (92. 7) observed by Jaques (1980) for harzburgites from elsewhere 
in the PUB. Cao and Al203 contents are very low, ranging between 0.05 and 0.19 wt% and 
between 0.10 and 0.30 wt% respectively. These concentrations are also significantly higher than 
values reported by Jaques (1980) for other PUB harzburgites [i.e. CaO 0.03-0.04 wt% and Alz03 
0.03-0.06 wt%]. Incompatible minor element oxides are near or below detection limits (Ti02 < 
0.0012 wt%, Na20 <0.01 wt%, K20 < 0.005 wt%, P20 5 < 0.005 wt%). The harzburgites are also 
characterized by extremely low incompatible trace element concentrations (e.g. Ti = 0.4-7 ppm, 
Rb <0.09 ppm, Sr = 0.05-1.36 ppm, Zr < 0.06ppm, Nb < 6ppb ). Ni and Cr concentrations are 
within the range of values reported by Jaques (1980) for other PUB harzburgites and with values 
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reported from refractory mantle peridotites elsewhere (e.g., Oman and Newfoundland). REE 
concentrations are extremely low and appear to be well below detection limjts achieved using 
the laser ablation JCPMS technique for most elements. Exceptions occur generally for the 
lightest REE (Ce and Pr) and the heaviest REE (Yb and Lu) in some samples (Yb - l.Sppb and 
Lu -0.5 ppb in La976 and La977). Note that the La values reported for the harzburgites: in Table 
5.1 (in the range 8-18ppb) reflect contamination by the low levels of La present in the Li-borate 
flux with which these samples were prepared for analysis, and accordingly 1these La 
concentrations are not included in the REE patterns shown in Figure 5.3. 
Included for comparison with the PUB harzburgites are two enstatolite dykes sampled 
from within the PUB harzburgites by Jaques ( 1980). The compositions of these dlykes are 
consistent with comprising virtually pure enstatite, and are notable for forming an extension to 
the short trends observed among the PUB harzburgites (which reflect variable amounts of Cr-
rich enstatite and forsteritic olivine). 
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Figure 5.4. Primitive mantle normalised trace element patterns for Metamorphic Sole samples comparing 
the principal lithological groupings and the Emo Metamorphics anlaysed by Worthing and Crawford 
(1996). 
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The high Mg#, low CaO and Ali03 contents, and very low lithophile element concentrations in 
the PUB harzburgite are consistent with these peridotites being residues following extraction of 
basaltic/picritic melts formed by very large extents of partial melting (>30% , e.g., Jaques, 
1980). The samples analysed as part of this study are notable for not being as refractory as 
compositions reported by Jaques from elsewhere in the PUB. In this context, it is noted the 
analysed samples are characterised by the presence of trace clinopyroxene lamellae and 
am phi boles. 
5.3.6 Pliocene porphyries 
Two samples from Pliocene intrusives in the Musa-Kumusi Divide region (see 
geological map) have been analysed. These have distinctive major and trace element 
compositions compared to the metamorphic sole compositions. The REE patterns of these 
samples are strongly LREE-enriched (Figure 5.3 g, and 5.3 h) and display little or no middle-
heavy REE fractionation (i.e. Dy/YbcN ~l). These REE patterns have similarities with Eocene 
tonalities that intrude the PUB and also with high magnesian andesites (boninites) from the Dabi 
Volcanics (Cape Vogel; Jenner, 1981). 
5.4 Origin of trends toward more mafic bulk compositions with increasing metamorphic 
grade 
A clear trend toward more mafic compositions with increasing metamorphic grade is 
observed in the metamorphic sole (Figure 5.1 & 5.2). This trend is associated with systematic 
and broadly continuous changes in bulk rock compositions that may suggest a close genetic link 
between these variably metamorphosed lithologies, the nature of which is fundamental to 
understanding the origin of the sole and the conditions under which the PUB was emplaced. 
Two possibilities will be considered in detail here: 
(1) The mafic granulite and gabbro compositions are mafic (phenocryst-rich) magmas or 
cumulates that were possibly parental to the (more evolved) greenschists and 
amphibolites of the Emo Metamorphics, and upside down. 
(2) The Emo greenschist and amphibolite protolith compositions have undergone 
significant modification in association with increasing metamorphic grade, possibly 
involving partial melting at the high-temperature and moderate-pressure metamorphic 
conditions experienced immediately prior to or at the time of PUB abduction (see 
Chapter 3). 
The granulites and mafic amphibolite samples lie on well-formed linear trends in the 
case of many major, minor and trace elements (Figures 5.1 and 5.2). The trends observed for 
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Figure 5.5 Comparison of selected major element compositional variation within the PUB Metamorphic 
Sole with vectors for accumulation (or crystal fractionation - reversed arrow direction) of possible 
phenocryst phase compositions in equilibrium with mafic basaltic magmas. 
Al20 3, CaO, Fez03*, Cr and Ni, are broadly consistent with accumulation (or fractionation) of 
an olivine (+Cr-spinel)-dominated mineral assemblage (see Figure 5.5). This could be taken to 
indicate the mafic granulite and gabbro compositions reflect original picritic magma prntoliths 
from which the lower-grade (greenschist and amphibolite) basaltic compositions were: derived 
by magmatic differentiation processes (i.e. crystal fractionation) prior to emplaceme111t of the 
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PUB. However, consideration of other elements, particularly the incompatible minor and trace 
elements (e.g. Na20, P20 5, Sr, Zr, Nb), reveals well-formed trends that intersect the x-axis at or 
below 30 wt% MgO. The Si02 versus MgO trend also does not go toward olivine but rather 
toward the PUB harzburgite compositions. Both this trend and the incompatible element trends 
are clearly inconsistent with addition/removal of a simple olivine (+Cr-spinel)-dominated 
phenocryst assemblage, as shown in Figure 5.4. Moreover, consideration of alternate phenocryst 
phase combinations (including clinopyroxene, orthopyroxene, plagioclase, and amphibole; see 
accumulation vectors shown for each in Figure 5.4) are unable to reproduce the observed 
compositional variation trends (Figure 5.5). This rules out a role for simple crystal 
accumulation/fractionation processes in formation of the more mafic granulite and gabbro 
lithologies. Accordingly, it is concluded that these compositions do not reflect those of original 
primitive olivine-rich magmas or cumulate lithologies. 
The composition of amp hi boles developed in the higher-grade parts of the metamorphic 
sole record temperatures up to at least 970°C (see Chapter 3). Taken with a wide range of 
possible pressure from 5 up to 25 kbar, these temperatures represent values approaching the 
water-undersaturated and exceeding the water-saturated solidus of basaltic compositions (e.g. 
Stern and Wyllie, 1978; Green, 1982; Rapp and Watson, 1995). This observation raises the 
possibility that parts of the metamorphic sole, especially those in close contact with the 
overlying peridotites, were subject to partial melting either immediately prior to or at the time of 
its emplacement. Experiments undertaken as part of this study (see Chapter 7) specifically 
address the nature of partial melt compositions that may be derived by melting of typical Emo 
metabasite compositions, over a range of conditions experienced during the process of PUB 
emplacement. These experiments, combined with others that have investigated melting of 
hydrated basalt (amphibolite) compositions (e.g. Rapp and Watson, 1995; Rushmer, 1991), 
indicate that a range of melt compositions are formed over conditions ranging between 5 and 35 
kbars, and from the water-saturated solidus to above the water-undersaturated solidus. These 
compositions depend complexly on the pressure and temperature of melting, the bulk 
composition, and the accompanying changes in phase equilibria, to an extent that is beyond the 
simple observations required here. However, in broad terms, under water-undersaturated 
conditions melt products will vary from highly silicic compositions through silicic-intermediate 
compositions (e.g. rhyodacite, tonalite, quartz diorite, diorite) to high-Al20 3 basalt compositions 
as temperatures increase above the solidus and the degree of melting climbs from 10 through 20-
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Figure 5.6 Comparison of selected major element compositional variation with the Metamiorphic Sole 
with melt compositions produced by experimental partial melting of two amphibolites over a range of 
pressures from 8-32kbar and temperature from 980-11 OO"C (data from Rapp and Watson, 1995). Dark 
arrows show the trend of residue compositions that are fonned by extraction of the metabasite 
experimental melts from an average amphibolite composition. Light grey arrows show approximate 
residues trends for melting compositions that correspond to melting of bulk compositio•ns that are 
mixtures between metamorphic sole greenschist/amphibolite compositions and PUB harzburgites 
(dashed dark line). 
114 
Chapter 5: Geochemistry 
The range of melt compositions produced by melting the two least aluminous ampiholites 
that are reported by Rapp and Watson (1995) [starting compositions most similar to the average 
Group 2 Emo greenshist composition derived from Worthing and Crawford, 1996)], and Eocene 
PUB tonalite compositions (from Jaques, 1980), are compared to Metamorphic Sole 
compositions in Figure 5.6. Extraction of these diverse melt compositions from average Group 2 
Emo metabasite composition and the average Kumusi-Musa Divide amphibolite compositions 
will produce an array of residue compositions indicated by the dark arrows shown in Figure 5.6. 
These arrays are in keeping with some of the less mafic sole compositions but do not account for 
the more mafic granulite and gabbro samples that are associated with the highest metamorphic 
grades. The range of whole-rock major element compositions that is observed within the 
metamorphic sole can be accounted for by a simple variant of this melt residue model, whereby 
a range of starting compositions produced from probable mechanical mixtures of typical sole 
metabasite and PUB harzburgite compositions, is subject to partial melting and melt extraction. 
The elements of this extension to the simple metabasite partial model are illustrated in Figure 
5.6. This model is also able to account for the variation observed in the 'immobile' minor and 
trace elements. 
5.4.1 Trace element partial melting models 
The trace element character of partial melts produced from an Emo metabasite 
composition at conditions above and below ~ 15 kbar have been modeled using approximate 
estimates for amphibolite and rutile-bearing eclogite mineral assemblages at pressures 
corresponding to ~ 10 and 25 kbars . A set of partition coefficients for each constituent phase in 
these rocks has been assembled from values listed on the GERM web site 
(http\\www.earthref.org\). These have been chosen from those listed as being appropriate for 
equilibrium with dacitic and andesitic melt compositions, and have been checked and adjusted to 
be consistent with values reported for REE between amphibole, garnet, and clinopyroxene and 
dacitic-andesitic composition melts in experiments equilibrated in the range 1000-1050°C 
(Nicholls and Harris, 1980; Green and Pearson, 1985a,b). A simple non-modal batch-melting 
model has been applied to calculate equilibrium melt compositions and residue compositions 
formed by degrees of melting ranging from 0.1 % to 50% for both rock types. Details of the 
mineral modes at the commencement of melting and mineral melting modes (approximate 
estimates based on experimental studies including those of Rapp and Watson, 1995; Rushmer, 
1990, and this study) are listed in Table 5.2. Results obtained for the residue compositions 
formed from both lithologies are shown in Figure 5.7. An additional model that takes the residue 
formed from 10% melting of the amphibolite mineralogy followed by subsequent additional 
40% melting using the eclogite mineralogy is also shown (Fig. 5.8). These model results, due to 
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T bl 5 2 M. ffi . a e .. mera me t part1t1on coe 1c1ents, mmera an d I. d me tmg mo es use d r m trace e ement mo e mg. 
Am phi bole Plagioclase Olivine Cpx Opx Garnet Ru tile 
La I0.15 0.39 0.0001 IO.Ql 5 0.001 0.06 IO 
Ce KU 0.25 0.0002 0.044 0.004 IO. l IO 
Pr I0.55 0.21 0.0002 0.1 0.01 0.2 0 
Nd 0.7 0.19 I0.0003 I0.17 0.017 I0.5 IO 
Sm 1.2 0.136 Kl.0005 0.46 0.02 I0.8 IO 
Eu 1.5 1.11 0.0008 I0.6 0.03 I Kl 
Gd 1.6 0.12 0.001 I0.7 0.04 5.3 IO 
rrb 1.6 0.1 b.0015 0.75 0.05 8.9 b 
Dy 1.7 I0.06 0.002 0.78 0.06 14 0 
Ho (Y) 1.7 0.05 0.005 0.72 0.08 18 0 
Er 1.6 0.04 0.01 I0.7 0.1 121 IO 
Tm 1.5 0.04 0.02 0.7 0.12 123 0 
Yb 1.4 I0.03 0.03 0.64 0.16 125 0 
Lu 1.2 I0.025 0.05 0.68 0.2 127 0 
Sr I0.25 12.5 I0.005 K>.05 0.01 IO.O 15 0 
rrh I0.02 I0.01 0.0001 I0.01 0.01 I0.001 0 
Nb I0.4 I0.025 0.001 I0.005 0.1 I0.001 27 
Zr I0.35 I0.04 0.005 Kl.15 0.03 Kl.l5 0 
Hf b.4 b.04 0.01 0.25 0.035 0.25 0 
Ti 12 0.08 0.02 0.5 0.05 0.8 0 
Eclogite 
Min era I Mode 0.75 0.245 0.005 
Melting Mode 0.5 I0.49 0.01 
Hornblende Gabbro 
Mineral Mode lo.4 0.4 0 0.15 0.05 0 
Melting Mode lo.& I0.4 0.1 0 0.1 0 
the uncertainties surrounding the various assumptions made (starting compositions and 
mineralogy, melting model, and the partition coefficients), are inherently of only indicative 
value. However, the eclogite and particularly the combined amphibolite-eclogite models 
produce residue arrays with increasing degrees of melting that are convincingly similar to the 
patterns of REE and other Primitive Mantle-normalized incompatible trace element abundance 
variations that are observe with increasing metamorphic grade. Close inspection of these 
comparisons suggest that the bulk of the granulites are formed by up to I 0% melt extraction, 
and that the more depleted granulites and gabbros are consistent with residues formed by 
degrees of melting ranging beyond 20 to as much as 50%. Details of the Primitive Mantle 
normalized element behaviour show consistency in the detailed behaviour of a number of key 
elements, particularly in the development of a large positive Nb anomaly at low to moderate 
extents of melting, before disappearance with the melting out of rutile at very high extents of 
melting. Similarly, negative Sr and, Zr and Hf anomalies are developed at moderate to large 
extents of exclogite melting, and are absent from the amphibolites and many granulites. It is 
further noted that melting of amphibole+plagioclase-dominated assemblages is inconsistent with 
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the development of the observed patterns of element depletion or the extents of highly 
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Figure 5.7. Comparison of metamorphics sole REE patterns with modelled REE element behaviour 
in residues formed by progressive melting (0-50%) of metabasite compositions under low pressure-
high temperature (amphibolite) and high pressure-high temperature (eclogite) conditions. See text 
and Table 5.2 for model details (i.e. partition coefficients , mineral and melting modes used). The 
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Figure 5.8. Comparison of primitive mantle-normalised incompatible trace element patterns of the 
metamorphics sole with modelled element behaviour in residues formed by progressive melting (0-
50%) of metabasite compositions under low pressure-high temperature (amphibolite) and lhigh 
pressure-high temperature (eclogite) conditions. See text and Table 5.2 for model details (i.e. 
partition coefficients , mineral and melting modes used). The data of the sole amphibolites, 
granulites, and gabbros are also shown (bottom right). 
The above trace element forward modeling results provide strong evidence in support of 
partial melting as a fundamental cause of the compositional variation that is observed with 
increasing metamorphic grade. When combined with the additional affects of mi:<ing sole 
metasbasite compositions with PUB harzburgite (see Figure 5.6 and preceding discussion), a 
spectrum of starting compositions can be anticipated that span a range toward more dilute 
incompatible trace element and REE contents compared to the simple single starting 
composition model depicted in Figures 5.7 and 5.8. Melting of this compositional spectrum 
would readily generate the full range of observed incompatible and REE residue compositions 
that is observed in the metamorphic sole, with the most ma.fie granulites and gabbro 
compositions reflecting a combination of both partial melt extraction and the greater PUB 
harzburgite component present in the parent rock from which they were derived. This is likely to 
be a gross over simplification of the processes taking place during PUB obduction. However, 
this model accounts in simple way for the systematic compositional diversity observced within 
the sole and is consistent with other field, experimental, and thermobarometry observations. 
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5.5 Tectonomagmatic setting of Emo Metamorphics and the PUB basalts 
Comprehensive assessment of Emo Metamorphics made by Worthing and Crawford (1996), 
found dominant suites of LREE-enriched tholeiitic basalts which have affinities to E-type 
MORB (referred to as Group II and III by Worthing and Crawford) and a smaller number of 
samples (all garnet blueschists) with LREE-depleted N-type MORB compositions (referred to as 
Group I by Worthing and Crawford). The E-MORB like compositions were noted to include a 
group of more differentiated compositions (i.e. Group III), that are charcterised by significantly 
more LREE-enriched REE patterns, and very high Ti02 and Na20 contents (up to 4 wt% and 5 
wt% respectively in the most evolved samples). Most of the metamorphic sole greenschist and 
amphibolite analysed in this study have bulk compositions similar to the Group II metabasite 
compositions of Crawford and Worthing ( 1996). 
These authors also established that the Emo Metamorphics had elevated Al203 contents 
and reduced Fe203* contents compared to a reference suite of MOR basalts from the Galapagos 
regions, and that these characteristics were consistent with magma compositions found in back-
arc basin rather than mid-ocean-ridge settings. I further note that the Tumu River Basalts, which 
are associated with the Marum ophiolite in northwestern PNG, have a range of similar E-MORB 
compositions to those found in the Emo Metamorphics (See Figure 5.1). The Emo (and Tumu 
River) metabasite compositions contrast in detail with those of the PUB basalts, which overlie 
the PUB harzburgites and cumulate sequences. Although the PUB basalts are also tholeiitic in 
composition they are characterized by lower incompatible minor and trace element 
concentrations, in particular lower overall Ti02 contents ( 1.25-1.6 wt%). They also have LREE-
depleted REE patterns that display little or no middle-heavy REE fractionation. These particular 
compositional characteristics reflect affinities most closely associated with N-type MORB. 
The fractionated middle-heavy REE patterns of the Emo greenschists and amphibolites, 
unlike the PUB basalts, indicate likely magma generation at depths within the garnet-peridotite 
facies. This could reflect a possible link to either mantle plume activity (under the influence of 
anomalously high mantle potential temperatures compared to typical mid-ocean ridge or back-
arc basin settings), although Worthing and Crawford (1996) could find no compositional 
affinities with P (plume)-type MORB. Alternatively, melting may have been initiated at deeper 
levels and/or at lower temperatures due to the presence of a volatile-rich flux (subduction 
derived?). 
The distinctive magma types that can be associated with the overthrust (N-MORB) and 
underthrust plates (predominantly E-MORB), clearly are significance to the tectonic architecture 
and setting prior to PUB ophiolite abduction. Similar magma composition diversity is observed 
in presently active back-arc basins within the western Pacific region (e.g. North Fiji Basin, Price 
et al., 1990; Lau Basin, Volpe et al., 1988; Mariana Trough, Stern et al., 1990), and 
characteristically is spatially distributed according to different 'microtectonic' settings within 
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such basins. For example N-MORB compositions are erupted along the main north-south 
spreading center in the North Fiji Basin, whereas incompatible trace element-enriched magma 
compositions, ranging from E-MORB compositions to transitional alkalic basalt compositions, 
are erupted along less rapidly spreading transform zones that are characterized by short 
spreading segments in the northern and western parts of the North Fiji Basin. This is consistent 
with the view of Crawford and Worthing ( 1996), that more slowly spreading ridges are 
associated with the evolution of more differentiated magmas that are similar to the Emo 
Metamorphics. Overall the Emo and PUB basalt compositions are consistent with previously 
suggested events leading to PUB ophiolite abduction through closure of a complex marginal 
(back-arc) basin (e.g. Karig, 1972; Finlayson, 1977; Worthing and Crawford, 1996). The 
compositional contrast between the basalts of the overthrust and underthrust plates suggests a 
possible asymmetry, the nature and arrangement of which is not yet fully clear. 
5.6 Conclusions 
The metamorphic sole amphibolites together with the Emo metamorphic greenschists 
and amphibolites, comprise a suite of incompatible element-rich metabasite and mafic 
metabasite compositions that have affinities with E-MORB magma compositions erupted in 
back-arc basins. The observed whole-rock major and trace element compositional variation 
observed in the higher grade granulites and gabbro are consistent with the net effect of two 
dominant overlapping processes that occurred (at the same time?) during emplacement of the 
PUB ophiolite: (1) mechanical mixing of sole metabasite composition with those of PUB 
harzburgite in the immediate vicinity of the sheared contact between te sole and PUB, and (2) 
partial melting and melt extraction from these lithologies under the high temperature granulite 
facies metamorphic conditions reached. Trace element modeling suggest that moderate to large 
extents (at least tens of percent) of partial melting took place in the highest grade parts of the 
sole, and that residual mineral assemblages under these melting conditions comprised either 
eclogite or garnet-bearing pyroxenite. It is likely that extraction of melt and 
shearing/mylonitisation operated hand-in-hand and continued for a significant period during 
formation of the metamorphic sole. Variation in mineral chemistry data with metamorphic grade 
and between amphibolites, granulites and the gabbros, particularly within small micro-bands in 
granulites and gab bros (Chapter 4) support the view that melt extraction, mylonitisation and 
band formation processes occurred synchronously. 
The Transition Zone lithologies (pyroxenites, lherzolites, dunites, and harzburgites) are 
consistent with formation by reaction of silica-rich melt derived from the metamorphic sole with 
overlying PUB harzburgite. The bands within the transition zone indicate that active deformation 
may have occurred during crystallisation of the Transition Zone rocks. 
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The diverse rock compositions of the PUB metamorphic sole reflect a complex sequence 
of chemical modifications that have occurred both prior to and especially during the 
metamorphism that accompanied emplacement of the PUB ophiolite. Faulting and shearing may 
have also caused disruption to preexisting spatial relationships between lithologies as evidenced 
in the metamorphic sole of Oman ophiolite, and Newfoundland ophiolites where soles occur 
'welded-on' to the overthrust sheet and resting on unmetamorphosed rocks or a melange (e.g. 
Ghent and Stout, 1981; Williams and Smyth; 1973). 
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CHAPTER 6: K-Ar and 40Ar-39Ar AGE OF THE METAMORPHIC SOLE 
6.1 Introduction 
Ophiolites are fragments of oceanic crust and upper mantle, thought to have formed 
at mid-ocean ridges or supra-subduction environments (Coleman, 1977; Elthon, 1991; 
Pearce, 1991; Searle, 1992; Taylor et al., 1992; Dilek et al., 2000), that have been 
emplaced at continental margins and island arcs by a process termed abduction (e.g. 
Church, 1972 ). The Papuan Ultramafic Belt (PUB) is such an ophiolite that was abducted 
onto continental crust of Papua (Davies, 1971 ). Metamorphic soles comprising thin sheets 
of amphibole-rich granulite, amphibolite and greenschist facies rocks have been mapped at 
the base of many ophiolites (Williams and Smyth, 1973; Coleman, 1977; Woodcock and 
Robertson, 1977; Ghent and Stout, 1981). K-Ar and 40Ar-39Ar dating studies of amphiboles 
from the high grade rocks in the metamorphic soles have provided estimates for the cooling 
age of the metamorphic sole for a number of these ophiolites (e.g. Searle and Malpas, 1980; 
Lanphere, 1981; Dunning and Krogh, 1985; Montigney et al., 1988; Gnos and Peters, 
1993; Hacker, 1994; Hacker et al., 1996; Parlak and Delaloye, 1999); in many cases the 
authors relate this cooling to the time of emplacement of the ophiolite onto continental 
crust. The objective of the present study is to constrain the timing of development of the 
metamorphic sole of the PUB ophiolite using a combination of K-Ar, 40 Ar-39 Ar total fusion 
and step-heating measurements on amphiboles separated from rocks of the metamorphic 
sole, and to relate this information to the timing of emplacement of the ophiolite onto 
continental southeastern PNG. 
6.2. Age of PUB ophiolite 
The formation or igneous crystallisation age of the PUB ophiolite appears to be 
Maastrichtian (Late Cretaceous) based on foraminifera fossils in sediments found within 
the basalts (Smith and Davies, 1976; Belford, 1976). The Maastrichtian extends from 
about 71 to 65 Ma (Gradstein et al., 1994 ). Davies and Smith ( 1971) referred to three 
unpublished K-Ar measurements on a pyroxene and on whole rock gabbros from the PUB 
with apparent ages of between 116 and 150 Ma. There are reservations about accepting 
these as crystallization ages because the potassium contents are extremely low (<0.07% ), 
so that the presence of even minor excess argon would yield aberrantly old apparent ages. 
A younger limit as to the age of the ophiolite is provided by K-Ar ages of 51 to 57 Ma on 
hornblende and plagioclase from tonalite stocks and hornblende diorites that intrude the 
ophiolite (Davies and Smith, 1971; Rogerson et al., 1991 ). 
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9° 1 O' 
Tectonite harzburgite, dunite, and pyroxenit 
gabbro, part mylonitic 
Mafic hornblende granulite, amphibolite, 
of the metamorphic sole 
Mafic greenschist, blueschist 
~5 Dip and strike of igneous layering in gabbro, 
ultramafics 
~35 Dip and strike of metamorphic foliation 
I Fault 0 2km 
• Sample, outcrop O Sample, float 
section 
Figure 6.1 Geology of the Musa-Kumusi divide showing the metamorphic sole and sample 
locations for K-Ar, 40Ar-39Ar study. Cross-section AB is shown in Fig. 6.2. 
123 
A decreasing metamorphic grade 
ampling for K-Ar, 
nd 40Ar-39Ar focused 
n the 20-40 m thick 
ranulite zone. See 
Figure 4 for details 






Figure 6.2 Cross-section AB showing contact relationships and variation of metamorphic 
grade away from the base of the ophiolite. PUB Papuan Ultramafic Belt, EM Emo 
Metamorphics, KM Kagi Metamorphics, S Metamorphic Sole, OSF Owen Stanley Fault, 
TF Timeno Fault. 
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These ages are Paleocene to Eocene on the time scale of Berggren et al. (1995), as the 
Cretaceous-Paleocene and Paleocene-Eocene boundaries have estimated ages of 65 and 
54.8 Ma, respectively. In the northwest the PUB is overlain by Middle Eocene andesitic 
volcanics and sediments (Belford, 1976). In the south, the ophiolite is overlain by 
Neogene volcanics and sediments (Davies and Smith, 1971; Smith and Davies, 1976). The 
boninitic Dabi Volcanics were erupted in the Cape Vogel area to the east and have yielded 
a 
40 Ar-39 Ar plateau age of 58.9 ± 1.1 Ma based upon step heating of a whole rock sample 
(Walker and McDougall, 1982). 
6. 3. Sample preparation and analytical method 
All rock samples for the K-Ar and 40Ar-39 Ar dating study were from the hornblende 
granulite zone, collected systematically along creeks that cut the metamorphic sole 
sequence (see geological map in Fig. 6.1, and sections in Fig. 6.2). Hornblende was separated 
from two samples of hornblende granulite that were not in situ, six outcrop samples of 
hornblende granulite with compositional layering, and an outcrop sample of hornblendite. 
The rocks were crushed and hornblende (>98% purity) was separated using heavy liquids and 
a magnetic separator. K-Ar ages were obtained using standard techniques similar to those 
described by McDougall and Schmincke ( 1977). Potassium was measured by flame 
photometry. Argon was determined by isotope dilution, with the isotope ratio 
measurements performed using a modified MSlO mass spectrometer operated statically. In 
general, the duplicate potassium measurements agreed to about I% standard deviation, and 
similar precision was found for argon, resulting in overall reproducibility of approximately 
I% (see Table 1). Four figure numbers in the text refer to sample numbers in the UPNG 
Geology Department and the five figure numbers refer to the Australian National 
University collections. 
Subsequent to K-Ar analyses, six hornblende samples (namely samples 94-270, 94-
271, 94-274, 94-275, 94-276, and 94-277) were selected for 40Ar- 39Ar step heating 
analyses. This approach was adopted to assess the possible presence of excess argon in the 
hornblende separates, and to complement the conventional K-Ar results, in that the step 
heating analyses can be useful in determining whether there has been thermal disturbance 
after crystallization and cooling. McDougall and Harrison (1999) have described the 40 Ar-
39 Ar dating technique. In this 40 Ar-39 Ar study about 0.03 to 0.08 g of each hornblende 
separate was irradiated in a fast neutron flux in the X-33 or X-34 facility adjacent to the 
core of HIFAR reactor, Lucas Heights, New South Wales, for 288 h. The irradiation 
canister, lined by 0.2 mm of Cd to absorb thermal neutrons, was inverted at 144 h to reduce 
the neutron flux gradient to less than 2% along the canister. An intralaboratory fluence 
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monitor, GA-1550 biotite, small amounts of calcium fluoride (CaF 2), and a synthetic K-
silicate glass were also included in the irradiation package. GA-1550 biotite has a K-Ar age 
of 97.9 ± 0.9 Ma (McDougall and Roksandic, 1974). 
Subsequent to irradiation, samples were loaded into an ultrahigh vacuum system. Total 
fusion experiments using a continuous wave (argon ion) laser were carried out on small 
aliquots (up to 3 mg) of irradiated hornblende, CaF 2, and single grains of the biotite fluence 
monitor and K-glass prior to the step heating experiments on the hornblendes. Total fusion 
of hornblendes was achieved with the laser beam about 1.5 mm in diameter, and run at about 
1.5W power for 5 minutes. Excellent coupling was achieved with temperatures high enough 
to melt the crystal aggregates. The total fusion analyses of hornblende provided valuable 
information for comparison with the earlier K-Ar analyses as well as estimates of the gas 
yield for the subsequent step heating experiments. The measurements on CaF2 and K-
silicate glass were used for determination of correction factors. Small amounts of 39 Ar and 
36 Ar are generated in the reactor by neutron interactions with calcium, and some 40 Ar is 
formed from 4°K during irradiation, and these must be corrected for (McDougall and 
Harrison, 1999). Measurement of 37 Ar, which is only generated in the reactor by neutron 
interaction on calcium, provides the means of correction of calcium-related 39 Ar and 36 Ar. 
Measured correction factors for samples 94-270, 94-271 and 94-274 were: (3 6Ar/37Ar)Ca = 
3.40 (± 0.04) x 10-4, {3 9Ar/37Ar)ca = 8.30 (± 0.04) x 10-4, ( 40Ar/39Ar)K = 3.0 (± 0.1) x 10-2• 
For samples 94-275, 94-276 and 94-277, the measured correction factors were: 
39 37 (36Ar/37Ar)ca = 3.33 (± 0.04) x 10-4, ( Ar/ Ar)c. = 1.02 (± 0.05) x 10-3, ( 40Ar/39Ar)K = 
5.52 (± 0.09) x 10-2. In the step heating experiments an average of fifteen steps were done 
on each sample at progressively increasing temperature, using a resistance heating furnace 
for controlling the gas extraction. Argon extracted during the total fusion and step heating 
experiments, after being purified over Zr-Al getters, was isotopically analysed in the 
VG3600 gas-source mass-spectrometer. Ion beams were measured by means of Daly detector 
with an overall sensitivity of about 3 x 10-17 mol/m V for argon. The temperature of each 
gas release step is nominal, as recorded by a thermocouple attached to the bottom of the 
crucible. As the tantalum crucible had a molybdenum liner, the temperature experienced by 
the sample itself is expected to be somewhat lower than the nominal temperature. The 
nominal temperature at each step was maintained for 15 minutes. 
The results of each gas extraction step were corrected for mass discrimination, 
atmospheric contamination, line blanks, and interference reactions from calcium and 
potassium. Apparent ages and errors were derived according to the formulae listed in 
McDougall and Harrison ( 1999) and Dalrymple et al. (1981) using the decay constants 
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recommended by Steiger and Jager ( 1977). All the age data and plateau plots were made 
using a computer program called Noble. The criterion used for the identification of plateau-
like segments, or undisturbed portions of the 40 Ar- 39 Ar age spectra, is the existence of at 
least three successive steps with concordant ages which contain a significant proportion of 
the released argon. Ages are concordant if they do not differ at the 95% confidence level, 
and comparisons are made based upon the assessment of internal errors only, not including 
the error in J, the irradiation parameter, or error in the age of the fluence monitor. Plateau 
ages quoted for the 40 Ar-39 Ar age spectra are step-size weighted means on the basis of the 
percent of 39 Ar in the contributing steps. 
6.4. Results 
The nine hornblendes measured in the K-Ar study yielded average ages between 
65.0 ± 0.7 and 57.2 ± 0.6 Ma with a mean age of 61.2 ± 2.4 Ma (Table 1). The 
apparent ages obtained in this study spread over more than 11 %, much greater than can 
be accounted for by experimental error in the measurements. There is also a considerable 
range in potassium values, but with no apparent correlation of potassium values, but 
Table I. K-Ar data from hornblende from granulite and amphibolite, adjacent to the base of the 
PUB ophiolite, Papua New Guinea 
Sample wt% K 40Ar*(10- %40Ar* Age (Ma) Sample locality 
No I I mol/g) ±I <J 
94-270 0.1524, 1.574 38.8 58.5 ± 0.5 Hbl granulite boulder, Muguena Creek 
0.1526 1.579 27.1 58.7 ± 0.8 
94-271 0.2710, 2.739 60.7 57.2 ± 0.6 Hbl granulite boulder, Muguena Creek 
0.2733 2.745 61.1 57.2 ± 0.6 
94-272 0.1075, 1.143 37.2 60.6 ± 0.8 Hbl granulite 20 m from base of PUB 
0.1064 ophiolite contact, Di Creek 
94-273 0.1627, 1.712 72.1 60.0 ± 0.7 Hbl granulite 40 m from base of PUB 
0.1609 1.737 57.1 60.8 ± 0.8 ophiolite contact, ldiakukumna Creek 
94-274 0.1340, 1.549 42.6 65.4 ± 0.7 Coarse, hornblendite 40 m from 
0.1341 1.532 32.4 64.7 ± 0.7 ophiolite contact, Idiakukumna Creek 
94-275 0.2617, 2.869 37.4 61.7 ± 0.9 Hbl granulite, contact zone, Labai Creek 
0.2650 
94-276 0.1347, 1.499 33.8 63.4 ± 0.9 Hbl granulite 20 m from base of PUB 
0.1342 ophiolite contact, Bisiali Creek 
94-277 0.1031, 1.115 23.6 60.7 ± 0.8 Hbl granulite, 20 m from base of PUB 
0.1052 ophiolite contact, Milu Creek. 
94-278 0.1008, 1.133 20.0 63.3 ± 0.9 Hbl granulite 20 m from base of PUB 
0.1021 ophiolite, Kumusi River 
1.e = 0.581x10-10 a-1; j3_=4.962 x 10-10 a-1; and 40K/K = 1.167 x 10-4 mol/mol. Errors are 
quoted at the 1 a level, and are derived from quadratic combination of the errors in %K, 40Ar* 
and spike calibration. 40Ar* is radiogenic argon. 
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Table 2. 40 Ar-39 Ar data for hornblende grains fused at 1400°C 
Sample %4oAr* 40Ar*/9 ArK Calculated total Weighted ITF, K-Ar age 
no. fusion age mean age (Ma)± 1 cr 
(Ma)± 1 cr (Ma)± 1 cr 
94-270 53.8 6.142 i) 61.3 ± 0.6 61.5±0.4 59.8 ± 0.8, 
48.3 6.117 ii) 61.0±0.9 58.6 ± 0.6 
50.4 6.270 iii) 62.5 ± 0.9 
94-271 70.4 5.986 i) 59.4 ± 0.5 59.5 ± 0.2 58.2 ± 1.8, 
70.3 5.993 ii) 59.4 ± 0.5 57.2 ± 0.6 
71.9 6.013 iii) 59.6 ± 0.5 
94-274 28.7 6.672 i) 66.1 ± 1.2 67.0 ± 0.7 64.0 ± 1.2, 
24.7 6.841 ii) 67.7 ± 1.4 65.0 ± 0.7 
28.4 6.811 iii) 67.4 ± 1.2 
94-275 44.3 7.060 i) 66.6 ± 0.8 66.4 ± 0.5 62.9 ± 0.8, 
40.5 7.076 ii) 66.7 ± 1.0 61.7 ± 0.9 
42.3 6.952 iii) 65.6 ± 1.1 
94-276 35.6 6.895 i) 64.4 ± 1.1 65.0 ± 0.6 62.5 ± 1.0, 
35. l 6.873 ii) 64.2 ± 1.1 63.4 ± 0.9 
30.7 7.114 iii) 66.5 ± 1.1 
94-277 31.3 6.532 i) 60.7 ± 1.2 60.6 ± 0.7 57.8 ± 0.8, 
32.1 6.488 ii) 60.3 ± 1.3 60.7 ± 0.8 
30.4 6.545 iii) 60.8 ± 1.5 
ITF: Integrated total fusion age calculated from 40Ar-39Ar step heating experiments, followed 
by the conventional K-Ar age of the hornblende from Table 1. 
with no apparent correlation of potassium content with calculated age. Figure 6.3 is an 
isochron plot of all the hornblende K-Ar age data. This gives an overall age of 59.2 ± 1.5 
Ma, but with a high MSWD value of 31.7, indicating that the data do not conform to a 
simple model of crystallisation and cooling at one particular age. The intercept value of 
300.1 ± 3.7 is within two standard deviations of the atmospheric value of 295, although 
slightly higher. The isochron age compares well with the mean calculated (model) K-Ar age 
of 61.2 ± 2.6 Ma, but is slightly lower, owing to the estimated composition of the trapped 
component having an initial 40Ar/36Ar ratio greater than atmospheric. The K-Ar ages are 
interpreted as broadly reflecting the time of recrystallisation and cooling in the early 
Cenozoic of the aureole rocks during and subsequent to the emplacement of the PUB 
ophiolite. It is not clear whether the spread in ages is because of an extended emplacement 
interval for the ophiolite or is related to non-ideal behaviour of the amphibole, with 
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Y intercept= 300. l ± 0.5 
MSWD = 31.7 








0 l.OE+05 2.0E+05 3.0E+05 
Figure 6.3 Plot of 40Ar/36Ar versus 40K/36Ar for the K-Ar data. 
difficulties in interpreting the K-Ar data, the 40 Ar- 39 Ar study was undertaken to refine the 
K-Ar results. 
Total fusion 40 Ar-39 Ar ages were determined on the hornblende samples using the 
laser microprobe to release the argon. Experimental results from six samples are presented 
in Table 2. The mean total fusion ages are between 67.0 ± 0.7 and 59.5 ± 0.2 Ma with an 
overall mean age of 63.3 ± 3.2 Ma, giving unit weight to results from each sample. In five 
samples (94-270, 94-271, 94-274, 94-275, 94-276, and 94-277) the ages derived from the 
40 Ar-39 Ar total fusion experiments are slightly higher than the K-Ar results, and also the 
integrated 40 Ar-39 Ar (ITF) ages derived from the step heating experiments (Table 2). 
The step heating results for each sample are presented below in Table 3 and 
diagrammatically in Figure 6.4. Figure 6.5 is an isochron plot using only data regarded as 
representing plateau steps. The age spectra in general yield relatively flat patterns but with 
some structure. The K/Ca values generally show little variability in individual step heating 
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Table 3. 40Ar-39Ar age spectrum data 
40Ar-39Ar step heating analyses, 94-270 (A,= 5.543 x 10-10 a-1 , J = 0.005626 ± 0.000028) 
39Ar Cumulative 









































































































(Ma± lcr) Ca/K 
146.87± 14.51 67.8 
82.90 ± 5.73 39.0 
65.36 ± 5.73 55.8 
57.71 ± 2.02 54.5 
58.47 ± 1.16 54.7 
58.41 ± 0.79 54.7 
60.12 ± 0.45 53. l 
58.20 ± 0.42 53.3 
58.10± 0.49 53.3 
57.87 ± 0.54 53.4 
58.57 ± 0.55 53.9 
57.76 ± 0.96 53.8 
58.66 ± 0.66 53.6 
58.44 ± 0.41 53.7 
58.76 ± 0.55 53.9 
58.85 ± 0.55 54.0 
60.09 ± 1.01 54.5 
40Ar-39Ar step heating analyses, 94-271 (/..,= 5.543 x 10-10 a-1 J = 0.005589 ± 0.000028) 
39Ar Cumulative 





























































































(Ma± lcr) Ca/K 
57.24 ± 1.66 30.0 
57.09 ± 0.72 29.9 
57.84 ± 0.61 29.8 
58.57 ± 0.29 29.4 
57.88 ± 0.32 29.7 
56.96 ± 0.30 29.7 
57.13 ± 0.29 29.9 
57.75 ± 0.47 29.6 
57.24 ± 0.45 29.7 
57.72 ± 0.86 29.8 
55.89 ± 1.00 29.8 
58.09 ± 0.40 29.4 
58.02 ± 0.36 29.5 
59.27 ± 0.28 29.5 
58.96 ± 0.67 29.5 
63.26 ± 2.60 29.4 
75.88 ± 2.29 29.7 
45.86 ± 358.47 31.6 
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40Ar-39Ar step heating analyses, 94-274 (/...= 5.543 x 10-10 a-1 J = 0.005589 ± 0.000028) 
39Ar Cumulative 
T(C) 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar (10-15mol) % 40Ar* 39Ar (%) 

















































































































479.91 ± 89.98 
311.22 ± 79.56 
208.74 ± 36.83 
99.86 ± 15.50 
69.54 ± 3.36 
65.89 ± 0.92 
65.42 ± 1.14 
63.73 ± 0.89 
62.19 ± 0.48 
59.94 ± 0.42 
59.24 ± 0.62 
60.30 ± 0.57 
60.43 ± 0.77 
61.14 ± 0.67 
61.16 ± 0.50 
61.77 ± 0.45 
62.30 ± 0.69 
63.05 ± 0.59 
63.57 ± 1.23 
64.14 ± 1.71 
68.93 ± 2.07 
71.93 ± 2.38 
115.77± 66.85 
40Ar-39Ar step heating analyses, 94-275 (/...= 5.543 x 10-10 a-1 J = 0.005325 ± 0.000027) 

























T(C) 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar (10-15mol) % 40Ar* 39Ar(%) (Ma± 10') Ca/K 













































































































671.93 ± 40.75 
360.57 ± 60.04 
164.24 ± 15.18 
72.45 ± 2.13 
60.79 ± 0.74 
60.97 ± 0.63 
57.98 ± 0.45 
58.18 ± 0.32 
58.73 ± 0.21 
58.44 ± 0.37 
58.84 ± 0.44 
58.41 ± 0.38 
58.35 ± 0.25 
59.04 ± 0.44 
59.10± 0.31 
64.84 ± 1.62 
58.50 ± 1.63 




















Chapter 6: K-Ar and 40Ar-39Ar age of the metamorphic sole 
40Ar-39Ar step heating analyses., 94-276 (I,= 5.543 x 10-10 a-1 J = 0.005274 ± 0.000026) 
39Ar % Cumulative Calculated age 
T(C) 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar (10-15mol) 40Ar* 39Ar (%) (Ma± la) Ca/K 
750 502.27 29.69 1.53023 0.159 10.6 0.10 457.23 ± 85.19 58.2 















































































































40Ar-39Ar step heating analyses, 94-277 (Iv= 5.543 X 10-10 a-1 
0.000026). Data from steps between 875oC and 1170°C were lost). 
39Ar Cumulative 

































































































349.68 ± 30.07 
242.25 ± 16.35 
182.70 ± 15.36 
143.32 ± 6.10 
73.82 ± 2.69 
58.70 ± 0.99 
63.45 ± 1.16 
58.28 ± 0.93 
58.74 ± 0.52 
57.34 ± 0.66 
57.63 ± 0.71 
57.91 ± 0.77 
59.89 ± 1.11 
58.40 ± 0.59 
58.05 ± 0.42 
57.98 ± 0.67 
59.62 ± 0.46 
58.51 ± 0.35 
57.59 ± 0.67 
57.55 ± 1.08 
58.89 ± 1.27 























J = 0.005235 ± 
Calculated age 
(Ma± la) 
58.37 ± 1.40 
58.24 ± 0.76 
57.44 ± 0.59 
56.23 ± 0.63 
58.79 ± 0.58 
58.16 ± 0.56 
58.06 ± 0.58 
57.98 ± 0.61 
57.96 ± 0.82 
57.94 ± 0.78 
56.96 ± 0.73 
57.99 ± 0.54 
58.48 ± 1.00 
56.16 ± 1.19 
57.64 ± 1.30 
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experiments, attesting to the high purity and lack of contamination of the hornblende 
separates by other phases. Results obtained on each hornblende are discussed below. 
6.4.1. Sample 94-270 
The age spectrum observed for this hornblende from a granulite is essentially flat 
(Fig. 6.4a) for gas released in the fifteen steps between nominal temperature steps at 
11 oooc and 13 7ooc. The calculated weighted mean plateau age is 58.6 ± 0.2 Ma. High 
apparent ages observed in initial and final steps account for <5% of total gas release (see 
data in Table 3). The weighted mean plateau age is similar to the integrated total fusion age 
of 59.8 ± 0.8 Ma, in good agreement with the K-Ar age (Table 1). The Ca/K values are 
essentially constant with values ranging from 56 to 53 (see last column in Table 3 ), 
indicating homogeneity of the amphibole grains. Data from the plateau steps from the 
incremental heating experiment, when regressed on the three isotope (isochron) diagram, 
yield an age of 58.7 ± 0.7 Ma (Fig. 6.5a) with the 40Ar/36Ar intercept value of 295 ± 4 
identical to the atmospheric value of 295, providing evidence for a trapped component of 
atmospheric composition. 
6.4.2. Sample 94-271 
The age spectrum for this hornblende from a granulite boulder in Muguena Creek 
also is essentially flat (Fig. 6.4b) for about 97% of the total gas released in fifteen steps, 
with the pattern similar to that observed for 94-270. High apparent ages observed in two of 
the highest temperature steps account for <3% of total gas release. The calculated weighted 
mean plateau age is 57 .9 ± 0.1 Ma, and regression of the plateau step heating data yields a 
similar age estimate of 58.2 ± 0.5 Ma, also indistinguishable from the integrated total fusion 
age of 58.2 ± 1.8 Ma. The mean 40 Ar-39 Ar direct total fusion age of 59.5 ± 0.2 Ma on three 
small aliquots (Table 2) is higher than the plateau age and the K-Ar age of 57.2 ± 0.6 Ma is 
slightly lower. The plateau age of 57.9 ± 0.1 Ma is regarded as the best estimate of the 
cooling age of the rock. The 40 Ar/36Ar intercept value 289 ± 5 (Fig. 6.5b) on the isochron 
diagram for the plateau steps is close to the atmospheric value of 295, providing evidence 
for a trapped component similar to atmospheric. 
6.4.3. Sample 94-274 
The age spectrum, shown in Fig. 6.4c, for hornblende 94-274 from a hornblendite 
shows decreasing ages over the first 20% of the gas release, followed by ages that increase 
monotonically with increasing temperature for the remaining 80% of the gas release. From 
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about 20% to 80% gas release there is a semblance of a plateau, yielding a weighted mean 
age of 60.8 ± 0.2 Ma. The spectrum is somewhat U-shaped, with high ages during early gas 
release and towards the end of the release. Such U-shaped spectra are commonly regarded as 
indicating the presence of excess argon, with the lowest ages in the spectrum yielding a 
maximum age for crystallization (e.g., Harrison and McDougall, 1981). The lowest age of 
59.2 ± 0.6 Ma was obtained for the 122ooc step (Table 3). The isochron age (Fig. 6.4c) is 
rather imprecise at 57.2 ± 5.0 Ma, and the40Ar/36Ar intercept value of 320 ± 37 for the 
plateau steps is within experimental error of the atmospheric value of 295. The U-shaped 
age spectrum, indicating the presence of excess argon, suggests that the calculated age for 
the poorly defined plateau should be regarded as a maximum age for cooling of the 
hornblende through its closure temperature for argon retention. 
6.4.4. Sample 94-275 
Except for the gas released in the first few steps and in the last few steps, the age 
spectrum shown in Fig. 6.4d for hornblende from this granulite is nearly flat over about 
87% of the total gas release, giving a calculated weighted mean plateau age of 58.6 ± 0.1 Ma 
and an isochron age of 59.5 ± 1.4 Ma. High apparent ages observed in the initial steps, and 
the highest temperature steps, probably indicate the presence of excess argon. The 
integrated total fusion age of 62.9 ± 0.8 Ma and the mean total fusion age of 66.4 ± 0.5 
Ma are substantially higher, reflecting the excess argon component. The 40 Ar/36 Ar intercept 
found from the isochron plot for steps included in the plateau is 269 ± 33 (Fig. 6.5d); this is 
within experimental error of the atmospheric value, suggesting that data for the plateau 
steps are not affected by excess argon. The weighted mean plateau age of 58.6 ± 0.1 Ma is 
interpreted as the best estimate of the cooling age for the hornblende in this rock. 
6.4.5. Sample 94-276 
The age spectrum shown in Fig. 6.4e for hornblende from this hornblende granulite 
is essentially flat over sixteen steps comprising the bulk of the gas release (~95%), yielding 
a weighted mean plateau age of 58.5 ± 0.2 Ma. High apparent ages observed in the initial 
steps and the highest temperature step account for <5% of the total gas release, and are 
indicative of the presence of excess argon. An age of 58.4 ± 0.8 Ma is found from the 
regression approach (Fig. 6.4e ), which shows a 40 Ar/36 Ar intercept value of 297 ± 5, 
indistinguishable from the atmospheric value. The calculated weighted mean plateau age of 
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Figure 6.4 "'Ar-19Ar age spectra for six hornblende samples plotted against 39Ar released. 
Uncertainity of the age of each step, at the level of one standard deviation, shown by 
thickness of bar. 
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Figure 6.5 Isochron plots for the plateau steps shown in Figure 6.4. 
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6.4.6. Sample 94-277 
The age spectrum for hornblende from hornblende granulite 94-277 (Fig. 6.4f) is 
nearly flat for much of the gas release. An estimated few percent of total gas was 
accidentally lost in five early steps. The calculated weighted mean plateau age is 57.8 ± 0.2 
Ma; the age derived from the isotope correlation plot is 57.5 ± 1.2 Ma, with a 40 Ar/36Ar 
intercept value of 298 ± 7. The calculated weighted mean plateau age of 57.8 ± 0.2 Ma is 
taken as the best estimate for the cooling age of the amphibole. 
6.5. Discussions and conclusions 
Conventional K-Ar ages of the hornblendes from the metamorphic sole of the PUB 
range from 65.0 ± 0.7 to 57.2 ± 0.6 Ma, whereas direct 40 Ar-39 Ar total fusion ages range 
from 67.0 ± 0.7 to 59.5 ± 0.2 Ma. The spread observed in both the K-Ar and total fusion 
40 Ar- 39 Ar ages is about 8 Ma. The 40 Ar- 39 Ar plateau ages for the six hornblende samples 
measured yield values ranging from 60.8 ± 0.2 to 57.8 ± 0.2 Ma, with a mean age of 58.7 ± 
1.1 Ma. However, as noted above, the rather poorly defined plateau for sample 94-274, 
yielding an age of 60.8 ± 0.2 Ma, should be regarded as a maximum age, owing to clear 
evidence for excess argon in the hornblende. For the remaining five hornblendes, with much 
better defined plateaus, the weighted mean ages have a very restricted range from 58.6 ± 0.2 
to 57.8 ± 0.2 Ma, with an overall mean age of 58.3 ± 0.4 Ma. Thus, the spread of the five 
better defined 40 Ar-39 Ar plateau ages is less than 1 Ma; this is in accord with the expectation 
that all the hornblendes in the metamorphic sole would have cooled through their closure 
temperatures for argon simultaneously. The concordance of most of the plateau ages 
indicates that cooling after the formation of the amphiboles in the granulites and 
amphibolites in the sole of the PUB occurred at 58.3 ± 0.4 Ma. 
The 40 Ar/36 Ar intercept value obtained from the isochron plot for each plateau 
segment is similar to and within experimental error of the atmospheric value, suggesting 
that data for the plateau steps have not been significantly affected by the presence of 
excess argon. The larger spread observed in the conventional K-Ar and the 40 Ar-39 Ar total 
fusion ages compared with the plateau 40 Ar- 39 Ar ages is interpreted to be caused by the 
presence of variable amounts of excess argon. As previously discussed, the high apparent 
ages in a number of the early steps and last few steps in several of the 40 Ar-39 Ar age spectra 
provides strong evidence for the presence of excess argon. 
The cooling of the metamorphic sole of the PUB ophiolite, the eruption of 
tholeiitic basalts and boninites of the Dabi Volcanics, and intrusion of the diorites and 
tonalites, all appear to have occurred between about 59 and 51 Ma. Three main events are 
recorded that are related to the evolution of the continental margin during this interval. 
They are: (i) early subduction and development of island arc volcanism followed by, (ii), 
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arc-continent collision and emplacement of the PUB ophiolite, and (iii), diorite and 
tonalite intrusive events and associated volcanism. The boninitic Dabi Volcanics are similar 
in age to the metamorphic sole. The tonalites intruded after formation of the metamorphic 
sole at 51 to 57 Ma (Smith and Davies, 1976; Rogerson et al., 1991 ). 
The PUB ophiolite represents an overthrust slab of oceanic crust and mantle that 
was emplaced during collision of the Cape Vogel island arc, and its associated Dabi 
Volcanics, with a rifted fragment of Australian craton above a northeast-dipping subduction 
system (Davies and Smith, 1971; Davies and Jaques, 1984 ). The incremental step-heating 
40 Ar-39 Ar dating results show that the metamorphic sole of the PUB ophiolite was cooled at 
58.3 ± 0.4 Ma ago, in the Paleocene. Cooling of the metamorphic sole through the closure 
temperature for argon in hornblende (~500°C) may have occurred during and following 
emplacement of the PUB ophiolite onto continental southeast Papua New Guinea. This is 
in keeping with the views of Davies and Smith ( 1971 ), Pieters (1978) and Davies and Jaques 
( 1984) who have provided diagrams illustrating the models of subduction, collision and 
thrusting which has resulted in the formation of the PUB and its emplacement onto PNG. 
The age of formation of the igneous rocks of the PUB ophiolite is thought to be 
Maastrichtian, or in the range 71 to 65 Ma according to the time scale of Gradstein et al. 
( 1994 ). If this estimate of age is correct, there is a relatively short interval of time between 
the formation of the ophiolite and the development and cooling of the metamorphic sole, 
similar to the findings of Hacker et al. (1996) for the Semail ophiolite in Oman. 
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CHAPTER 7: RECONNAISSANCE EXPERIMENTAL STUDIES ON BONINITE 
GENESIS 
7.1 Introduction 
In those cases where ophiolite sheets have a metamorphic sole of high temperature 
mineralogy, particularly in cases indicating temperatures of 900°C or more, at pressures 
~5kbars or less, then the source of heat is assumed to be the ultramafic sheet itself. Two models 
may be considered. The first is that the process of formation of oceanic crust and lithosphere 
(the classical sequence of lherzolite to harzburgite tectonite, overlain by layered tectonite 
sequence and gabbro-wehrlite-dunite complex, sheeted dyke complex, pillow lavas and 
sediment cover) preceded the obduction/overthrusting of the oceanic or back-arc crustal 
section by only a short time interval. The high temperature required within the metamorphic 
sole and the ultramafic tectonite is attributed to residual heat from this crust-forming event and 
the model would imply rapid evolution from ' spreading centre' to 'subduction/obduction 
complex' 
A second model separates the inferred spreading centre- and mafic crust-forming event 
from later volcanism during a subduction event. In the latter event, upwelling and magmatism 
within the mantle wedge produces high temperaure, refractory residue which is complementary 
to convergent margin volcanoes overlying the spreading center sequences of the earlier crust 
forming event (the ophiolite complex). In the classical Oman ophiolites, the spreading centre 
characteristics of the major sheet have been well documented. A recent paper (Ishikawa et al., 
2002) identifies boninitic dykes intrusive into this sequence of volcanics, and boninitic pillow 
lavas unconformably overlying the spreading-ridge-derived lavas. Although the time gap 
between the contrasted spreading center and convergent margin sequences is as yet unknown, 
comparison with the SE Papua events is warranted. 
In eastern Papua, the Cape Vogel area contains the Dabi Volcanics of 59 myr age, i. e. 
matching, within error, the age of crystallisation of the high grade metamorphism beneath the 
ultramafic tectonites. The Dabi Volcanics are a boninite suite, and are among the most 
refractory of boninite suites in their very low CaO content, the presence of magnesian olivine 
(Fo92.5) and extremely Cr-rich spine! (Dallwitz et., 1966; Dallwitz, 1968). The Dabi Volcanics 
also include the rocks from which phenocrysts of proto-enstatite (inverted to multiply-twinned 
clinoenstatite) were described (Dallwitz et., 1966; Dallwitz, 1968). The occurrence of proto 
enstatite (with Ml to 91) phenocrysts is indicative of very low-Ca, high-Si02 and high MgO 
magmas. Recent discussions of petrogenesis (e.g., Danushevsky et al., 1995), concur in 
requiring high temperatures (in excess of l 300°C for the most magnesian liquids) but also 
significant water contents (2-4 wt%). The models also concur in inferring magma extraction 
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conditions such that the residue is extremely refractory harzburgite [Ol(Fo9 3) + enstatite 
(Mg92, 1-2% Al203, <1% CaO) +chromite (Cr_# ~90)). The harzburgite of the Papuan 
Ultramafic Belt, as seen in the Kumusi Divide area, is appropriate as the refractory residue from 
boninite magma extraction. The liqidus olivine and spine! of Cape Vogel boninites are 
extremely magnesion and Cr-rich respectively (Mg01#= 93 Mgsp# = 80-85) and in these 
important characteristics match the olivine and chromite of the PUB (Jaques, 1980; Jaques and 
Chappell, 1982; also see Chapter 4). Similarly the near liquidus orthopyroxene and proto-
enstatite of the Cape Vogel boninites have extremely low Al203 and CaO contents-again 
matching the orthopyroxene compositions of the PUB. Thus the only type of liquid which can 
be assigned a complementary relationship to residue as refractory as the PUB hargburgite is a 
boninite liquid. Conversely, residual mantle from which Cape Vogel boninite may have been 
derived must be of refractory harzburgite composition. It is therefore argued that the 
contemporaneity of extrusion of the Cape Vogel boninites and the high temperature 
metamorphism at the PUB harzburgite/hornblende granulite contact is not a co-incidence but 
these events are complementary aspects of the same dynamothermal process and event. 
7.2 A proposed relationship between boninite genesis, refractory tectonite and underlying 
granulite of 'picritic' bulk composition. 
Although the liquidus phases of Cape Vogel boninites are extremely refractory, the 
magmas themselves have Na/Ca ratios similar to and higher than MORB and small K20, P205 
and Ti02 contents. In addition, REE patterns are LREE-enriched (Crawford et al., 1989 ). 
These features, i.e. a combination of source signatures indicating highly refractory residue with 
those indicating a fluxing agent enriched in Na/Ca, and LREE/HREE enrichment, are attributed 
to convergent margin volcanism in which relatively refractory lithosphere of the mantle wedge 
above a subduction zone, is melted through advection of a fluxing melt or fluid derived from the 
subducted slab. The inference that the boninites also require unusually high 
temperatures/degrees of partial melting of mantle peridotite is explained by suggesting 
anomalously high temperature at shallow depth in the wedge in precursor back-arc basin 
magmatism and/or anomalously high temperature in the subducted slab because of subduction 
of a recently active spreading centre. 
There have been a number of ways suggested by which a slab-derived component may 
enter the wedge environment and be incorporated in the source and melting regime of island arc 
volcanism including boninites: 
1. Migration of H20-rich fluids, including brines or complex supercritical fluids capable 
of transporting significant cation concentrations. Variations on this model include reaction of 
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the fluid phase to form hydrous phases (amphibole, chlorite, talc, antigorite) and carbonates 
(wedge metasomatism) at shallower depths and cooler wedge temperatures close to the 
subducted slabs. If the subduction process drags this material to deeper levels and higher 
temperatures then dehydration reactions may induce melting of the "refertilised" or 
metasomatised peridotite (Tatsumi and Eggins, 1989). 
2. A variant of the previous process invokes a role for sodic-dolomitic carbonatite melt 
within the wedge as the agent for transfer of incompatible elements, Na, Ca, etc. from the cooler 
region near the slab, to the higher temperature region within the wedge, in which the peridotite-
C-H-0 silicate solidus is exceeded (e.g., Green et al., 2002). 
3. The third agent proposed for transferring a slab-derived component to the mantle-wedge 
setting is a siliceous melt derived by partial melting of the mafic or silicic (metasedimentary or 
'continental' crust compositions) components of the subducted slab. Average basaltic ocean 
crust compositions will recrystallise along the subduction path to quartz-bearing garnet 
amphibolites and then to quartz or coesite eclogites. Metasedimentary or continental crust 
compositions will recrystallise to biotite + garnet + feldspar + quartz or phengite + garnet 
+pyroxene ± kyanite + quartz or coesite assemblages. Minimum melts, whether at the water-
saturated solidus (because of dehydration reactions and release of water from surrounding 
ultramafic rocks) or at the 'dehydration solidus' for biotite-or phengite-bearing gneisses, will be 
initially saturated in quartz or coesite. Such melts may be at temperatures (650-700°C for water 
saturated melts to 800-950°C for melts on the dehydration solidi (Yaxley and Green, 1999, 
Hermann, 2001) well below the water saturated peridotite solidus [970°C 1 GPa to 1050°C at 3 
GPa) and will usually react with and metasomatise the peridotite if the latter is at temperature 
<I000-1100°C at P<3 GPa (i.e. within the P,T field for stability ofpargasite lherzolite). 
One of the arguments for appealing to a carbonatite melt or a silicate melt rather than an 
aqueous fluid as the transporting agent for alkali elements and incompatible elements, is that 
boninites contain similar concentrations (wt%) of water and Na20. Since both are completely 
partitioned into a liquid in equilibrium with olivine + orthopyroxene +chromite only, the (Na20 
+ H20)-bearing source or 'melt-fluxing agent' must also have H201Na20 of approximately 1. 
During melting to boninite magma+ olivine+ orthopyroxene +chromite residue, a sub-solidus 
source peridotite would contain small quantities of pargasite ± clinopyroxene hosting most of 
the Na, Ca, Al, Ti which enter the boninite melt. Noting the low content of these elements in 
the residue, the elemental ratios Na/Ca, Na/ Al, Ca/ Al, Al/Ti, etc. of the source are transferred 
with little change to the boninite magmas themselves. The question to be answered is thus how 
the mantle wedge acquires this composition and a common view is that a refractory lithospheric 
composition residual after oceanic or back-arc basin crust formation, is modified (enriched in 
selected incompatible elements) by a mobile component derived from the subducted slab. 
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In this chapter, I use the techniques of experimental petrology to explore one particular 
model for such enrichment, using the information from the Papuan Ultramafic Belt to define the 
compositions used for the experimental study. Before doing this, it is relevant to draw on 
information from the Oman Ophiolite (Semail Ophiolite) as one of the best-studied and best 
exposed ophiolite complexes. Recent papers by Searle & Cox (1999) and Ishikawa et al., 
(2002) provides an excellent summary. 
7.3 The Oman Ophiolite 
The Oman Ophiolite is comprised of upper mantle harzburgites and lherzolites 
with overlying mafic crust (from basal gabbros, through sheeted dyke complex to ocean-floor 
basalts) of 4-7 km thickness (Searle and Cox, 1999). There appears to be agreement that an 
earlier stage of basaltic crust formation and formation of underlying refractory harzburgite to 
lherzolite was followed by subduction of the near-continent oceanic crust until the former 
spreading centre itself was overthrust/obducted on to the margin of the Arabian Shield (Searle 
and Cox, 1999, Figures 7.1 and Fig.7.2). There is debate on whether the spreading centre is a 
precursor feature (Searle and Cox, 1999, Figure 7.1) or is itself related to spreading (?back-arc 
basin or fore-arc basin) above the subduction zone. Metamorphic soles beneath the ophiolite 
have been studied by a number of investigators and include eclogites, garnet amphibolites and 
granulites. Searle & Cox (1999, Figure 5) summarise metamorphic conditions attained with 
maxima at -6 kb, 800°C, I 0 kb 800°C and 8 kb, 900°C in different localities and note that these 
conditions are consistent with field evidence for partial melting in the high grade amphibolite 
and granulite assemblages. 
In comparison with the Kumusi Divide granulites of the PUB, the temperatures are 
similar to or higher (-J000°C, see Chapter 4) at Kumusi Divide and pressures may be lower. 
The major mineralogical difference appears to be the common occurrence of olivine + 
plagioclase in the Kumusi Divide rocks, suggesting pressures <8 kb and partial breakdown of 
pargasite, restricting the pargasite compositional field to high Ti02 contents. Searle and Cox 
( 1999) describe and illustrate a variety of trondhjemitic to per-aluminous granites intruding 
harzburgite and lherzolite of the ophiolite complex. Some of these silica-rich intrusives are 
attributed to melting of subducted continental crust but others are attributed to melting of 
subducted mafic rocks of the metamorphic sole. Searle and Cox (1999) proposed that melting 
within the metamorphic sole of the Oman ophiolite may have occurred at pressures - I 0 kb or 
deeper levels. 
In the case of shallower melting, the temperature in the overlying abducted mantle 
peridotite appears to have been sufficiently cool that the siliceous magmas are relatively 
unreactive and do not initiate melting in the peridotite at the dyke margins nor grain-scale 
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penetration and reaction with the peridotite. Subduction to depths of> 100 km brings subducted 
material beneath mantle lithosphere to T> 1000°C. Melting within the metamorphic sole may 
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Figure 7.1. The mid-ocean ridge model for the formation and emplacement of the Semail ophiolite (from 
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Figure 7.2. Pressure-temperature (P-T) diagram showing the proposed P-T paths for all the major 
metamorphic units described from the Oman Mountains (from Searle and Cox, 1999). 
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then transfer material into the overlying wedge, initiating mantle upwelling with mantle 
metasomatism to yield the geochemical signatures characteristic of convergent margin magmas. 
Ishikawa et al., (2002) identified both low-calcium and high-calcium boninites as dykes and 
volcanics post-dating the main sheeted dyke /pillow lava sequence of the Oman opholite; and 
appeal to initiation of subduction near to an earlier (and still hot ) spreading centre and 
subsequent melting of highly depleted, shallow mantle wedge, metasomatized by slab derived 
fluid. The limited experimental study described in this chapter may also be seen as an 
exploration of the implications of the models of Searle and Cox (1999) and of the evidence that 
acidic magmas formed in the subduction environment invade obducted ophiolite. 
7.4 A model to test 
The major element and trace element compositions of Emo Metamorphics, when 
compared with the amphibolites to olivine+ hornblende granulites and hornblende gabbros of 
the metamorphic sole are ambivalent in suggesting geochemical affinities between the rock 
types but also that the hornblende gabbros are more refractory and may have lost a small melt 
fraction. The general model outlined in the previous section suggests that oceanic crust (i.e. 
Emo Metamorphic equivalents) may have been subducted to depths of >70 km (Davies and 
Warren, 1992) and heated by conduction from the overlying wedge, and by friction/mechanical 
dissipation. 1 chose a typical Emo Metamorphic composition, prepared a garnet amphibolite 
from rhis composition at 1.5 GPa, 750°C (Run C 1029) and then studied the melting behaviour 
of this garnet amphibolite at 2.0 GPa, 850-1050 °C. The procedure crudely models a prograde 
subduction path of altered oceanic crust to form garnet amphibolite, i.e. a rock type with water 
content of 1.5-2 wt%. At deeper levels and higher temperatures this undergoes 'dehydration 
melting' to yield eclogitic residue (garnet + clinopyroxene + rutile ± quartz). My experiments 
at 2.5 GPa sought to establish the compositions and proportions of residual phases and melt 
fraction, the melt being anticipated to be rhyodacite to dacite composition 
The final facet of this reconnaissance was to react a model composition for oceanic 
mantle wedge with the model 'slab melt', at temperatures of 1250°C-l 350°C and pressures <1.5 
GPa. The experiments simulate the entry of a slab-derived melt from ~2 GPa into an overlying 
high temperature mantle wedge, initiating peridotite melting, upwelling or diapirism and finally 
extraction of melt having characteristics reflecting both the fluxing agent (slab-derived melt) 
and older, refractory mantle wedge (or oceanic lithosphere). The model lithosphere component 
was taken as the estimated oceanic lithosphere composition of Maaloe and Aoki (1977). This is 
a lherzolite composition with Ml= 90 but more refractory than other model mantle 
compositions in having approximately half the CaO, AI203, Na20 and Ti02 contents inferred 
for model mantle compositions or observed in the more 'fertile' end of the mantle array of 
spine! lherzolite xenolith compositions (Maaloe and Aoki, 1977; Nickel and Green, 1978; Green 
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and Falloon, 1998). By comparison with the experimental studies determining the anhydrous 
solidi of Hawaiian Pyrolite, MORB Pyrolite and Tinaquillo lherzolite, we may infer that the 
anhydrous solidus of the 'model oceanic lithosphere' composition is 1300°C at 1 GPa, 1410°C 
at 2 GPa and ~I 520°C at 3 GPa (Green and Falloon, 1998). In the absence of a fluxing 
component, and particularly of the fluxing role of water, melting is unlikely to occur in a mantle 
wedge of this composition. Thus the experimental demonstration of significant melting at ~1.5 
GPa (T=l250°C (0.5 GPa) to 1300°C and 1350°C (1.5 GPa)) is an important constraint on the 
model for boninite genesis. 
7.5 Experimental details 
7.5.1 'Basalt' /Eclogite Melting Experiments 
The composition chosen as representative of the Emo Metamorphic Metamorphics 
(average from Worthing and Crawford, 1996) is given in Table 7.1, Column A. This 
composition was prepared from analytical grade reagents using oxides and carbonates (Ca, Na, 
K), ground under acetone and sintered under reducing conditions at ~900°C. The sintered pellet 
was then fused at ~ 1350°C under reducing conditions (QFM), quenched to a glass and 
composition confirmed by electron microprobe analysis. Approximately 100 mg of this glass 
was sealed with 10% H20 in a Ag75Pd25 capsule and run for 72 hours at 1.5 GPa, 750°C (Run 
C 1029). After quenching, excess water was driven off and x-ray diffraction and electron 
microprobe analysis confirmed the dominance of amphibole with minor garnet and low 
refractive index phase (phases) possibly including quartz and/or a melt phase. This material 
was then used to explore melting relationships of garnet amphibolite at 1 GPa with experiments 
at 850°C, 950°C, 1000°C and 1050°C (Runs C 1042-1045). SEM images of run products are 
shown in Figure 7.3. 
From these experiments, only the run at 1050°C yielded a product with analyzable melt 
phase and with crystalline phases yielding compositions (Table 7.3) approaching equilibrium as 
evaluated from earlier experimental studies or natural mineral assemblages. In this experiment, 
garnet + clinopyroxene + rutile + melt were analysed (Table 7.2 and 7.3, Run C1045). 
Metastable corundum was observed in C 1043 and C 1044, possibly due to initial mix 
homogeniety. 
The melt composition at 20 kbar 1050°C from the Emo Metamorphic basaltic 
composition is that of a rhyodacite inferred to contain ~ 6 wt% H20 on the basis of the K20 
contents of the rhyodacite melt and the initial basaltic compositions. This melt fraction was 25% 
as K20(liq) = 4 * K20(bulk) and the inferred water content was 1.5% in the original synthesised 
garnet amphibolite assemblage. The rhyodacite composition was then prepared (rhyodacite flux) 
from analytical grade reagents, sintered and then sealed with 6 wt% H20 and fused to a hydrous 
glass at 1.0 GPa, 1100°C in an Ag50Pd50 capsule (Run C 1071 ). 
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To confirm that the composition of the rhyodacite melt determined from the melting 
experiment (CI 045) was not quench-modified, a 'layered experiment' of 60% Emo 
Metamorphic and 40% rhyodacite flux was re-run at 2.0 GPa, I 050°C (Run CI 073). The 
product contained a large glass pool and garnet + clinopyroxene + plagioclase + rutile as the 
coexisting phases. The compositions of phases in both the forward melting experiment on the 
Emo Metamorphic (Run Cl045) and the reversal or layered experiment (Run Cl073) are very 
similar, confirming rhyodacite with -6% H20 as the partial melt at 25% [estimates from K20 
content of glass assuming negligible K10 in residue of (cpx+ga+plag+rt] melting from the 
basaltic Emo Metamorphic model composition. The calculated composition of the residue from 
25% melting (ga+cpx+plag+rt) is given in Table 7.5. This is a relatively Fe-rich, low-Si02 
composition which, in normative mineralogy, is olivine-normative and resembles some of the 
hornblendite to hornblende granulite compositions for the metamorphic sole, but is also 
significantly lower in Mg#. 
Table 7.1 Composition of A: Average Emo metabasite (Worthing and Crawford, 1996), B: Metamorphic 
sole granulites, C: Ocean Floor Peridotite from Malooe and Aoki (1977), D: Cape Vogel boninites with 
3 .0 % H20 (Dallwitz, 1968), E: PUB tonalite, F: rhyodacite flux (RDF). 
Compositions A B c D E F 
Si02 50.43 46.00 44.40 57.47 58.60 66.54 
Ti02 2.16 1.41 0.13 0.34 0.22 0.83 
Al203 15.19 8.83 2.38 10.26 16.60 17.71 
Cr203 0.00 0.15 0.44 0.00 0.00 0.00 
Fe203 3.18 0.00 0.00 2.37 0.00 0.00 
FeO 8.79 12.43 8.31 7.20 7.65 1.51 
MnO 0.19 0.16 0.17 0.18 0.11 0.00 
NiO 0.00 0.00 0.31 0.00 0.00 0.00 
MgO 5.83 21.64 42.06 14.78 5.25 1.09 
Cao 10.07 7.56 1.34 5.97 7.35 3.49 
Na20 2.23 1.42 0.27 1.01 2.98 6.06 
K.20 0.68 0.22 0.09 0.36 0.51 2.32 
P205 0.26 0.09 0.06 0.08 0.07 0.44 
Total JOO.IO 100.00 99.96 97.02 99.34 100.02 
Mg# 46.5 75.6 90.0 73.4 55.0 56.3 
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Table 7.2. Experiments 
Run p T Time Capsule Composition Phases 
no. (kbar) (DC) (h) present 
Cl029 15 750 72 Ag75Pd25 A gt?+ amph +I 
Cl042 20 850 72 Ag50Pd50 A gt + cpx +rt + I 
Cl043 20 950 72 Ag50Pd50 A gt+ cpx + plag +rt+ I 
Cl044 20 1000 72 Ag50Pd50 A gt+ cpx +plag + rt + I 
Cl045 20 1050 72 Ag50Pd50 A gt + cpx +rt + I 
Cl073 20 1050 Ag50Pd50 A+ RDF (60:40) gt+ cpx + plag + rt+ I 
Cl071 10 1100 24 Ag50Pd50 RDF glass/liquid 
Cl072 15 1300 Pt 50:50 ol +opx+I 
Cl074 15 1300 C in Pt 50:50 ol +opx+I 
Cl086 15 1200 C in Pt 50:50 opx+cpx+l 
Cl090 15 >1300 C in Pt 65:35 ol +I 
Cl 103 15 1260 C in Pt 65:35 ol +opx+I 
Cl 114 15 1220 C in Pt 65:35 ol +opx+I 
Cl 116 15 1200 C in Pt 65:35 ol +opx+I 
Cl 118 15 1340 C in Pt 90:10 ol +opx+l 
Cl 120 15 1300 C in Pt 90:10 ol +opx+l 
Cl 178 10 1050 C in Pt 90:10 ol +opx +I 
Cl 179 5 1250 C in Pt 90:10 ol +opx +I 
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A. RUN 1042 (15kb175CPC ~Okb/850't:, 72 hrs 
C. RUN 1044 (15kbn 50°C ~OklYlOOO°C, 72 
hrs 
B. RUN 1042 (15kb175CPC ~Okbf950°C, 72: hrs 
0. RUN 1045 (t5ktN75CPC ~OkbitoscPC, 72 Ill's 
Figure 7.3 SEM images of run products at 20 kbar, 
850-1050°C showing melt and co-existing mineral 
phases. The composition of the melt produced 
in run Cl045 was used to flux melting of the model 
oceanic lithosphere. Staiting mix for nms is Emo 
metabasite hydrated and transformed to fine grained 
garnet amphibolite at 15 kbar, 7500C 
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Table 7.3. Composition of melt and co-existing phases in garnet amphibolite. Rutile occurs in runs 
Cl042 Cl043 Cl044 Cl045 Cl071 d Cl073 C d I ·n run Cl043. , , , , , an orun um occurs on 1y 1 
Plagioclase C1043 C1044 C1045 C1071 C1073 
Si02 58.31 58.32 - - 58.48 
Ti02 0.49 0.49 - - 1.22 
Al203 25.63 25.62 
- -
23.00 
FeO 0.98 0.98 - - 2.09 
MnO 0 0 
- -
0 
MgO 0.63 0.62 - - 0.77 
Cao 4.57 4.57 - - 7.14 
Na20 7.58 7.59 - - 6.46 
K20 1.81 1.81 - - 0.84 
Total 100.00 100.00 - - 100.00 
Clinopyroxene - C1044 C1045 C1071 C1073 
Si02 
-
50.06 49.69 - 53.58 
Ti02 - 1.57 1.69 - 1.12 
Al203 - 12.01 11.08 - 9.40 
FeO - 9.79 9.10 - 8.10 
MnO - 0.26 0.00 - 0 
MgO - 9.48 10.01 - 10.19 
Cao - 13.93 16.02 - 14.39 
Na20 - 2.89 2.40 - 2.71 
K20 - 0.00 0.00 - 0.51 
P205 - 0.00 0.00 - 0.00 
Total - 100.00 100.00 - 100.00 
Garnet C1043 C1044 C1045 Cl071 C1073 
Si02 39.13 39.48 39.31 - 37.74 
Ti02 1.86 1.98 2.04 
-
1.88 
Al203 20.95 19.71 18.52 - 18.71 
FeO 22.64 21.16 23.18 - 25.26 
MnO 0.54 0.62 0.62 
-
0.64 
MgO 6.59 7.27 7.37 - 8.05 
Cao 7.93 9.15 8.18 - 7.27 
Na20 0.36 0.63 0.49 - 0.27 
K20 0.00 0.00 0.00 - 0.00 
P205 0.00 0.00 0.29 - 0.17 
Total 100.00 100.00 100.00 - 100.00 
Melt C1043 C1044 C1045 C1071 C1073 
Si02 63.67 63.68 62.16 
Ti02 0.90 0.80 1.24 
Al203 17.19 15.67 15.68 
FeO 1.36 1.51 3.27 
MnO 0.00 0.00 0.00 
MgO 0.94 1.10 1.26 
Cao 3.07 3.36 2.93 
Na20 4.11 5.81 4.59 
K20 2.25 2.46 2.66 
P205 0.50 0.35 0.46 
Total 94.00 94.00 94.00 
149 
Chapter 7: Reconnaissance Experimental Studies on Boninite Genesis 
Table 7.4 Bulk compositions of mixture of rhyodacite and lherzolite used in the peridotite 
melting experiments. 
RUNS C1074, C1090, Cl 118, 
C1086 Cl 103, C1120, 
Cl 114, Cl 170, 
C1116 C1179 
P (kbar) 15 15 15 
T("C) 1300 1250 1340 
Si02 55.47 52.15 46.61 
Ti02 0.48 0.38 0.20 
Al203 10.05 7.75 3.91 
Cr203 0.22 0.29 0.4 
FeO 4.91 5.93 7.63 
MnO 0.09 0.11 0.15 
NiO 0.16 0.2 0.28 
MgO 21.58 27.72 37.96 
Cao 2.42 2.09 1.56 
Na20 3.17 2.30 0.85 
K20 1.21 0.87 0.31 
P205 0.25 0.19 0.10 
Total 99.98 99.97 99.97 
Mg# 88.7 89.3 89.9 
Table 7.5 Using the 25% melt composition to calculate resistic bulk composition. Residue= 
(Erno-25% RDF). 
Emo minus 25% RDF Restite 100% Restite 
Si02 50.43 16.63 33.8 45.07 
Ti02 2.16 0.21 1.95 2.6 
Al203 15.19 4.43 10.76 14.35 
FeO I 1.67 0.38 I 1.29 15.05 
MnO 0.19 0 0.19 0.25 
MgO 5.83 0.27 5.56 7.41 
Cao 10.07 0.87 9.2 12.27 
Na20 3.23 1.52 1.71 2.28 
K.20 0.69 0.58 0.11 0.15 
P205 0.26 0.1 I 0.15 0.2 
Total 99.72 25 74.72 99.63 
*Comparison of the "residual bulk" after extraction of 25% of rhyodacite (RDF) from Emo bulk composition. The 
residue is now richer in Ti02, MgO, FeO, CaO; and lower Si02, Al203, Na20 and K20. 
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7.5. 2 Experiments on the role of melt-fluxing by addition of hydrous rhyodacitic magma 
to refractory peridotite 
The refractory peridotite (lherzolite to harzburgite) was prepared by reacting analytical reagent 
oxides and carbonates (Na, Ca, K) at atmospheric pressure of - 1000°C, followed by addition of 
iron as fayalite and retiring at -1100°C, atmospheric pressure at low oxygen activity (QFM 
buffer). The product of this synthesis is a very fine-grained mineral assemblage of olivine + 
orthopyroxene + probable plagioclase + clinopyroxene. The grainsize is too fine-grained for 
mineral analyses by electron probe. As previously described, the rhyodacite is added as a 
hydrous glass with -6% H20. The run products are expected to be basaltic or Mg-andesite 
melts with residual olivine, orthopyroxene, chrome-spine! and possibly clinopyroxene and 
plagioclase for lower degrees of melting. Because none of these phases contain P205 or H20, 
and only plagioclase contains significant K20, the melt fraction present and H20 content of the 
melt in the run product can be deduced from P205 content, or the P205 and K20 contents 
measured in the glass. In the absence of residual plagioclase or clinopyroxene, the melt fraction 
can also be estimated from the Na20 contents of melt and bulk. 
Experiments are listed in table 7.2 and selected run products are illustrated in Figure 
7.4. Experiment C 1072 at 1.5 GPa, l 300°C used a 50:50 peridotite:rhyodacite flux mixture and 
a high-melting point platinium (Pt) capsule. Although the product contained a very large melt 
fraction and olivine + orthopyroxene as the only residual crystalline phases, the olivine 
( Mg:5 9 ) and orthopyroxene (Mg97. l) and the very magnesian glass composition demonstrated 
that there had been significant Fe-loss to the capsule. 
A repeat experiment (C 107 4) used an inner graphite capsule sealed inside a Pt capsule. 
The product of olivine (Mg90.0) + orthopyroxene (Mg92.4) +glass (Mg#54.9-77.8, Table 7.6) 
demonstrated that the Fe-loss problem was solved but that there was strong quench growth of 
olivine and pyroxene overgrowths. Using the Ko ~~;~g constraint to identify larger or smaller 
degrees of quench modification, Table 7.7 contains the best estimate of the melt composition. 
An additional aspect was that some Na-loss by volatilazation under the electron beam was 
observed by varying the analysis time and observing that Na20 content dropped significantly 
between 10 seconds and 60 seconds analysis time. The composition given in Table 7 .6 is 
selected on the best quench-modified glass, corrected for Na20 volatilization. It is apparent that 
the liquid coexisting with olivine and orthopyroxene is alkali-rich and hypersthene normative. 
By separation of olivine, the liquid would enter the field of Type II boninites of Crawford et. al 
( 1 989). 
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Based on the K20 and Na20 contents of the melt (1.4% and 4.09% respectively) the melt present 
is 86% or 78% respectively i.e approx 80% melt with residual orthopyroxene and olivine. The 
melt is calculated to contain 3.8% H20 
A lower temperature experiment (C1086) at 1.5 GPa, 1200°C, contained orthopyroxene 
(Mg89.3) + clinopyroxene (Mg89.0) + quenched liquid showing that the reaction relationship 
(olivine+ Si02-rich melt )------7 pyroxenes+ lower Si02-melt) had proceeded to elimination 
of olivine (using the 50:50 mix). A series of experiments with 65% peridotite and 35% 
rhyodacite flux were then undertaken. CI 090 suffered thermocouple loss and a nominal 
1300°C was exceeded giving a product of olivine (Mg94.6) + quench only. Run Cl 103 at 
I 260°C gave olivine (Mg91.1) + orthopyroxene (Mg92.4) + quench and similar products were 
observed in Cl 114 (1220°C) and Cl 116 (1200°C) with decreasing Ml in olivine and 
orthopyroxene as the melt fraction decreased. Quench modification of glass remained a major 
problem in deducing actual liquid composition. Analyses of 'glass' frequently contained 
overlapping quench clinopyroxene, or olivine, or were unreasonably low in MgO due to 
extraction from the liquid of quench olivine and clinopyroxene. Plotting of selected 'melt' 
compositions, using the Fe/Mg partitioning between olivine and melt, shows that the liquids are 
nepheline-normative (Cl 103, Cl 114) to hypersthene-normative (C1074) and indicated that for 
the model to apply to boninites, a lower rhyodacite flux content and high temperatures would be 
required. Based on the bulk composition of the charge and the analysed melt compositions, the 
melt fraction in the run C 1103 is 38% ( based on Na20) or 49% (based on K20). At 45% 
melting the melt would contain 4.7% H20 . In run Cl 114 the estimated melt fraction is 33% 
(based on Na20) or 39% (based on K20). At 35% melting the melt would contain 6% H20. 
Experiments Cl 118 and Cl 120 used a 10:90 rhyodacite flux:peridotite ratio and were 
run at 1.5 GPa, I 340°C and I 300°C respectively. The products were again olivine + 
orthopyroxene + quenched melt and the glass compositions again scatter because of quench 
crystallisation and overlap of the analysis volume between glass and olivine. The residual 
olivine is Fo91 in both cases and assuming negligible Fe3+ and Ko~~;~g = 0.33 then the liquid 
should have Ml=n. Although a reasonable melt composition was obtained from Cl 118 
(Table 7.6), no internally consistent glass composition could be obtained from Cl 120. The 
preferred melt composition form C 1118 is quartz-normative and plots in the field of Type II 
low-calcium boninites in both the projections from olivine and from diopside in the basalt 
tetrahedron (Fig. 7.5 and Fig 7.6). The melt fraction of the starting material (90% peridotite + 
I 0% rhyodacite) is 18% (based on K20 contents) or 21 % (based on Na20 contents of glass and 
bulk compositions). Assuming 20% melting, the melt contain 3 % H20. 
Two further experiments (Cl 178 and Cl 179) were carried out on the 10:90 
rhyodacite:peridotite mix to explore melt composition at 1 GPa, 1300°C and 0.5 GPa, 1250°C. 
These conditions model the continued upwelling of a 'refertilised wedge lherzolite' along an 
adiabat of potential temperature Tp ~1250-1300°C, with increasing degree of melting at 
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showing melt and co-existing mineral phases. 
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shallower depths. It was not possible to obtain internally consistent or reproducible quenched 
melt compositions. In Table 7.7, several of the most magnesian 'glass' composition in each of 
C 1178 and C 1179 are listed but they are quite divergent and are considered to contain differing 
proposition of quench modified glass, olivine and quench clinopyoxene. Thus the composition 
from C 1178 are too diopside-rich (projection from olivine, Fig. 7.6) to be consistent with 
melting of the 90: 10 (peridotite: rhyodacite) bulk composition producing an olivine + 
orthpyroxene residue. All compositions are quartz-normative and distinctly more silica-rich 
than the melts from 1.5 GPa. 
Table 7.6. Average mineral compositions obtained in the experiments. 
RUN C1074 C1103 C1114 Cl116 Cl118 Cl120 Cll 78 Cll 79 
Olivine 
Si02 41.32 41.02 41.01 42.88 41.78 41.17 41.61 41.67 
Ti02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr203 0.33 0.12 0.30 0.13 0.23 0.34 0.31 0.28 
FeO 9.96 8.46 8.60 10.07 8.42 8.33 8.07 8.11 
MnO 0.00 0.02 0.00 0.06 0.04 0.06 0.03 0.09 
NiO 0.00 0.05 0.40 0.09 0.00 0.00 0.00 0.00 
MgO 50.09 48.70 46.67 46.52 47.68 47.47 50.72 50.79 
Cao 0.11 0.03 0.05 0.26 0.11 0.10 0.07 0.10 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
P205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 101.80 98.38 97.01 100.01 98.26 97.47 100.81 101.04 
Mg# 90.0 91.1 90.6 89.2 91.0 91.0 91.9 91.8 
Opx 
Si02 56.39 56.39 56.50 57.49 57.95 57.80 57.76 56.92 
Ti02 0.07 0.07 0.08 0.00 0.00 0.00 0.00 0.00 
Al203 1.81 1.81 2.69 2.16 1.13 0.49 0.39 1.24 
Cr203 0.58 0.58 0.58 0.47 0.61 0.51 0.78 0.74 
FeO 4.95 4.95 4.89 5.75 5.33 5.34 5.40 5.48 
MnO 0.00 0.00 0.00 0.04 0.04 0.05 0.09 0.00 
NiO 0.00 0.00 0.07 0.07 0.00 0.00 0.00 0.00 
MgO 33.64 33.64 31.94 33.17 33.22 34.33 35.22 34.62 
Cao 0.68 0.68 0.78 1.03 0.60 0.56 0.64 0.72 
Na20 0.05 0.05 0.00 0.00 0.00 0.00 0.12 0.26 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
P205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.17 98.17 97.53 100.17 98.87 99.08 100.40 99.97 
Mg# 92.4 92.4 92.1 91.2 91.7 92.0 92.0 91.8 
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Table 7.7 Experimental melt compositions. These compositions are plotted on the basalt tetrahedrons in 
Figure 7.8 
Sample 1103 Clll4 Clll8 Cll20 Cll78 Cll78 Cll79 Cll79 C1074 
Si02 55.22 55.04 59.74 58.31 64.32 63.49 57.92 60.77 55.02 
Ti02 0.84 0.52 0.59 0.72 0.76 0.80 0.60 0.79 0.78 
Al203 16.60 17.92 14.42 11.92 12.87 12.55 14.68 15.57 14.10 
FeO 7.45 5.47 5.80 6.90 3.77 4.93 5.58 4.83 6.76 
MgO 9.20 8.56 9.34 13.60 5.96 7.06 11.81 6.58 12.91 
Cao 2.91 3.41 4.49 4.46 6.62 6.32 4.05 5.46 4.99 
Na20 6.03 6.87 3.94 3.01 4.42 3.36 3.90 4.28 4.06 
K20 1.76 2.21 1.68 1.08 1.27 1.21 1.48 1.73 1.39 
P205 0.00 0.00 0.00 0.00 0.00 0.28 0.00 0.00 0.00 
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Mg# 68.8 73.6 74.2 77.8 73.8 71.9 79 70.8 77.3 
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Jd+CaTs+Lc An+Ab Qz 
Figure 7.5. Compositions of liquids/melts at 15 kbar projected into the basalt tetrahedron (Green and Falloon, 1998) 
from diopside into the Olivine-(Jadeite+Calcium Tschermad.s silicate+Leucite)-Quartz face. Sandwich bulk 
compositions at I 0%, 35%, and 50% flux are also shown (purple asterisks). Fields of primitive boninites (Crawford et 
al. , 1989, Table 1.1) are also shown. Ma Maaloe & Aoki (1977), RDF rhyodacite flux, Hpy Hawaiian Pyrolite, Mpy 
MORB Pyrolite, TQ Tinaquilo Lherzolite. 
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Figure 7.6. Compositions of liquids/melts projected into the basalt tetrahedron (Green and Falloon, 1998) from olivine 
into fue Diopside-(Jadeite+Calcium Tschennacks Silfoate+Leucite)-Quartz face. Sandwich bulk compositiioos at J 0%, 
35%, and 50% flux are also shown. Fields of primitive boninites (Crawford et al. , 1989, Table l. l) are also shown. 
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Na20 
spine! lherzolite xenoliths 
Figure 7.7 Melt compositions plotted on the Na20-Ca0-Al203 diagram (wt°lo)(i.e., those oxides which have low 
concentrations in olivine and orthopyroxene and are concentrated in melt). Large circle with the cross is rhyodacite-
dacite melt from 'slab melting' (eclogitic residue) of altered oceanic crust (Ya,xley and Green, 199B). Fields of 
primitive boninites (Crawford et al., 1989, Table LI) are also shown. Hpy Hawaiian Pyrolite, Mpy MORB Pyrolite, 
TQ Tinaquilo Lherzolite. 
7.6 Conclusions from reconnaissance experimental studies 
7.6.t Garnet Amphibolite Melting Experiment 
The concept explored experimentally was that of a metamorphosed altered basaltic r·ock ( Emo 
Metamorphics) undergoing subduction such that initial garnet amphibolite (crystallized at 1.5 GPa, 
7 S0°C ) was then taken to higher pressures and higher temperatures so that amphibole breaks down to 
yield a melt with residual garnet + clinopyroxene ± plagioclase + rutile. This melting scenario was 
explored at 2.0 Gpa establishing a large temperature interval (at least 850-11 OOOC) ov1er which a 
siliceous melt co-exists with gar + cpx + rutile + plagioclase (to about 1050°C). The composiition of the 
melt determined at l OS0°C, 2Gpa is that of a rhyodacite. The composition of the residue is a silica-
poor mafic to ultrabasic composition enriched in CaO, MgO, FeO and Ti02, strongly depleted in K.20 
and Si02 and depleted in Na20 and Al203. At lower pressures, high temperatures, this bulk 
composition would crystallise to olivine + 
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clinopyroxene + hypersthene + plagioclase + ilmenite if it is anhydrous or to a hornblende-rich 
composition in the presence of 1-2% H20. 
Loss of a rhyodacitic melt fraction from the chosen 'Emo Metamorphics' composition 
produces olivine-normative and silica-depleted composition matching in these aspects to the 
hornblende granulites/hornblende gabbros at the base of the ophiolite. However, the Mg# of 
these residues, at ~50, is too low in comparison with values of~ 70-80 in the high grade rocks 
near the ultramafic contact. The model tested was for extraction of 25% of rhyodacite melt. 
Higher degrees of melting (probably in several stages) would be required to produce residues as 
Mg-rich as Mg#75. However, initial melts eliminate quartzlcoesite, potassic phases and most of 
the Na-component originally in pyroxenes or plagioclase. The residue is refractory in terms of 
solidus temperature and further melting is difficult without fluxing by 'water-rich fluids. An 
alternative explanation for this 'mismatch' in Mg-values is that the chosen Emo Metamorphics 
composition was anomalously Fe-rich and a more typical composition would have had 
Mg#~60-65. This explanation warrants further study. 
7.6.2 Experiments on Rhyodacite-Fluxed Melting of Refractory lherzolite 
The reconaissance experimental study of fluxed melting of refractory lherzolite clarifies 
several aspects of boninite petrogenesis. However, there are significant experimental difficulties 
in analyzing liquid/glass compositions in a system in which the melt is hydrous and olivine + 
orthopyroxene crystals act as nucleii for quench crystallisation and consequent modification of 
interstitial glass. It proved very difficult to obtain 'glass' pools which were large enough to 
avoid quench modification (glasses with low Mg#), incompatible with equilibrium with 
analysed olivine and orthopyroxene (Mg#90). In some cases, 'glass' analyses probably include 
overlap with olivine and thus have higher Mg# but are mixtures of quench-modified glass and 
olivine. In spite of these experimental difficulties, a number of conclusions can be drawn. 
The refractory lherzolite/harzburgite composition chosen for experimental study has 
important differences from other model compositions for the upper mantle usually based on 
constraints derived from basalts of mid-ocean ridge or 'hot-spot' character. These differences 
are illustrated by the projections in the 'basalt tetrahedron' (Fig. 7.5 and Fig. 7.6) and plotting of 
relative proportions of the oxides Na20, CaO, Al203 in Figure 7.7. These three oxides are not 
components of major solid solutions in olivine and orthopyroxene but instead enter the other 
less abundant mineral phases (clinopyroxene, plagioclase, aluminous spine!, garnet, and 
pargasitic hornblende) of mantle lherzolite and essentially define its 'fertility' with respect to 
the production of basaltic or other magmas. 
Referring to the 'basalt tetrahedron' projection, the Maaloe and Aoki composition used 
here is more refractory than other lherzolites. This is evident in the projection from 'Di' (Fig. 
7.5) in that it plots along the olivine-hypersthene joint near the olivine apex. In the projection 
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from '01' (Fig. 7.6), the Maaloe and Aoki composition plots at much lower normative diopside 
and close to the Qz-apex. In the Na20-Ca0-Al203 figure, the Maaloe and Aoki composition 
plots on the Al-rich side of model mantle compositions or the array of spine! lherzolite xenolith 
compositions from continental lithosphere. A more careful analysis of samples from ocean floor 
peridotites would be needed to ascertain if this apparent Ca-depletion is a consequence of partial 
serpentinization or a primary feature of residual lherzolite to harzburgite. However the choice of 
the Maaloe and Aoki composition means that the experimental composition used (i.e. 50:50, 
65:35, and 90:10 proportions of peridotite : rhyodacite flux) impose their own constraints on 
potential partial melts produced in the experiments. In the projection from 'Di', olivine-control 
lines through the Maaloe and Aoki peridotite composition show that liquids with harzburgite 
residues (which lie to the left of the olivine control line) match the plotting position of high-Ca, 
low-Ca Types I and II and some Type III boninites, which on this basis, may be derived from 
this peridotite. However, in the projection from '01' it is apparent that high-Ca and Type Ill 
low-Ca boninites lie above the harzburgite residue control line, i.e., a line passing through the 
'Qz' apex (where the highly refractory orthopyroxenes of Table 7.5 plot) and the Maaloe and 
Aoki peridotite composition. Type I and Type II low- Ca boninites may be derived from such a 
source but Type III low-Ca boninite and particularly high-Ca boninites must be derived from a 
more Ca-rich lherzolite source such as Tinaquillo Lherzolite, Hawaiian Pyrolite or MORB 
Pyrolite plotted in the same figure. 
The experimental results obtained clarify and confirm these constraints. Firstly, the 
anhydrous solidus of the refractory peridotite chosen is > 1300°C at 1.5Gpa (Green and Falloon, 
1998) but with 10% of hydrous rhyodacite flux added, ~20% melt is present at 1340°C, and the 
melt is of Type II low-Ca boninite character containing ~3% H20. At 1300°C, a similar melt 
fraction is present and even at 1200°C considerable melting would occur as shown by the 35:65 
experiments (C 1116, C 1114) and 50:50 mix (C 1086) in which reaction with high proportion of 
rhyodacite eliminated olivine producing a pyroxenite residue. For lower temperatures, the 
fluxing reaction around an invading rhyodacite melt entering the peridotite wedge at 1200°C 
would be to increase the pyroxene proportions and evolve the melt to extremely alkaline and 
silica-rich compositions (experiment Cl 114). It should be noted that these siliceous alkaline 
liquids have olivine + orthopyroxene only as residual phases, are very low in CaO, and are 
strongly nepheline normative. Consistent with the phase equilibria constraints illustrated in 
Figure 7 .8 and described above, the estimated melt compositions in C 1114 ( 1220°C) and C 1103 
(1260°C) lie on the harzburgite residue (Opx control line) passing through the bulk composition 
(65:35, peridotite: rhyodacite) from the 'Qz' apex. In the projection from 'Di' it is apparent that 
these extremely alkali-enriched liquids cannot be parental to any of the boninite magma types. 
Turning to the Na20, CaO, Al203 figure (Fig 7.7), it is evident that the Na, Ca, Al 
ratios of the rhyodacite flux are superimposed on the melt products. In comparison with the 
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natural boninites, this figure suggests that high-Ca boninites and Type III boninites could be 
derived from refractory lherzolites by H20-fluid fluxing alone with little need for addition of 
any major and minor element by the fluxing components. In this model, the high Ca-boninites 
must reflect a lherzolite source with CaO:Al203 ~0.9 and the Type III low-Ca boninites reflect 
a more refractory source such as the Maaloe and Aoki peridotite or minor mixture of an Na 
(and/or K) +Al bearing melt into a less refractory source such as Tinaquillo lherzolite. 
In both types I and II low-Ca boninites, the relative Na20, CaO and Al203 proportions 
strongly suggest that a very refractory source (evident in both projections of the basalt 
tetrahedron) must be fluxed by an added component enriched in both Na20 and Al203. Noting 
that the evidence for water content of such boninites is ~2-4%, the case for a hydrous dacite to 
rhyodacite (controlling K/Na of resultant magmas) melt as a fluxing agent, is a compelling one. 
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CHAPTER 8: FORMATION MODELS AND CONCLUDING REMARKS 
8.1 Introduction 
The metamorphic sole beneath the PUB ophiolite in the Musa-Kumusi Divide consists 
of amphibolite, granulite, hornblendite, granulite, hornblende gabbro, and gabbroic rocks. A 
transition zone of banded lithologies of hornblende gabbro, gabbro, websterites, pyroxenites, 
dunites, wehrlites and harzburgites and lherzolite separate the metamorphic sole and the basal 
tectonite harzburgite of the PUB ophiolite. Mineralogical and tectonic banding in the 
metamorphic sole rocks, transition zone rocks, and basal PUB tectonites all strike NW and dip 
at 30-50° towards the NE, identical to the orientation of the Owen Stanley Fault and Timeno 
Faults along which the PUB ophiolite was emplaced. Field mapping data, petrographic 
examination of thin sections, mineral chemistry, and major and trace element geochemistry, 
geochronological study, and reconnaissance experimental studies have provided insights into the 
formation of the metamorphic sole beneath the PUB ophiolite in the Musa-Kumusi Divide. 
8.2 Formation Model 
Figure 8.1 suggests that the metamorphic sole rocks are derived from the same protolith 
as the Emo Metamorphics which occur west south west of the metamorphic sole. During the 
emplacement of the ophiolite, the Emo Metamorphics were sheared and recrystallised at 
amphibolite and granulite facies, with the metamorphic grade increasing towards the base of the 
ophiolite to the east. The cooling ophiolite, particularly the harzburgite at the base of the 
ophiolite was the major heat source for metamorphic reactions and formation of the 
metamorphic sole beneath it. The results of deformation, partial melting at peak metamorphic 
conditions, and the possible removal of the siliceous partial melts resulted in metamorphic rocks 
becoming more mafic towards the ophiolite contact. 
Occurrences of non-foliated hornblendite within the metamorphic sole indicate that, in 
places, deformation was non-pervasive, and the coarse hornblende grains crystallised in a 
pressure-shadow or non-deforming area of the metamorphic sole. The hornblende gab bros are 
undeformed equivalents of the hornblende granulites. The hornblende-poor gabbros represent 
the most refractory assemblage after extraction of melts at pyroxene granulite facies. The 
transition zone rocks represent interaction of melt components from the metamorphic sole with 
the actively deforming harzburgite and lherzolitic rocks at the base of the ophiolite to form 
wehrlites, websterites, pyroxenites, dunite, lherzolite and harzburgite bands. The PUB basal 
ultramafics equilibrated at 1200-1400°C at pressures of <5 kb and then cooled and re-
equilibrated at 900-1000°C (Jaques, 1980). The cooling ophiolite, particularly the harzburgite at 
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A. Emo and PUB rocks come into contacl along the thrust fault 
B. Migration of water, heat, and liquids to the contact zone, and to secondary 
fault contacts within Emo and harzburgite. Defonnation propagated upwards 
into hangingwall and downwards into the footwnll 
C. Thinning and stacking together of modified Emo Metamorphics, and 
modified PUB banburgite as Metamorphic Sole and Transition Zone 
respectively as observed at Labai and Muguena Creeks. 
H20 ENTERS 
ALONG FAULT 
HEAT FROM COOLING 
OPHIOLITE 
MELTS FROM FOOTWALL 
Figure 8.1 Emo Derived Model for formation of the metamorphic sole beneath the PUB ophioli1te. A: The 
Emo Metamorphics and base of the PUB ophiolite come into contact at a subduction zone or alo•ng a deep 
thrust fault producing secondary faults in both units; B: Movement of water, fluids, melts to the actively 
deforming contact zone, and along parallel secondary faults; C: Thinning and stacking to1gether of 
metamorphosed Emo Metamorphics, and modified PUB harzburgite as the metamorphic sole, and 
Transition Zone respectively. 
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the base of the ophiolite was the major heat source for metamorphic reactions and formation of 
metamorphic sole beneath it. The results of the experimental study suggest that the Cape Vogel 
boninites may have also been generated by interaction of the melt products from metabasites 
with the overlying peridotite wedge leading to extensive melting in the wedge and generation of 
boninitic magma, leaving residual, highly refractory harzburgite. 
In the Emo Metamorphics Derived Model the Emo Metamorphics were subducted to the 
NE beneath the PUB and metamorphosed to amphibolite and granulite facies forming the 
metamorphic sole. Variations in bulk rock major element compositions and trace element 
compositions observed with increasing metamorphic grade are associated with a combination of 
partial melting and melt extraction from a range of compositions formed form mixtures of 
greenschists/amphibolite with PUB harzburgite. The melts generated from the sole rocks 
reacted with overlying PUB harzburgites in an actively deforming environment to produce the 
pyroxenites, websterite, wehrlite, dunite, Iherzolite and harzburgite bands of the transition zone. 
Chrome spinels in ultramafic tectonites at Muguena and Labai Creek are more aluminous (lower 
Cr#) than compositions reported by Jaques (1980) for the PUB harzburgite tectonites (see 
Chapter 4). Partitioning of Al from Al20 3-rich melts into chrome spine! may have resulted in 
low Cr# compared to PUB tectonites. This supported by the fact that bulk Al20 3 composition in 
the harzburgite samples above the contact are higher than normal PUB tectonites. Ab03 
contents are 0.10 to 0.30 wt%, higher than values obtained by Jaques (1980) which range from 
0.03 to 0.06 wt%. CaO values are also higher. The higher Cao contents in the harzburgite may 
be due to higher proportion of orthopyroxene in the sample, or presence of amphiboles. CaO 
contents are between 0.05 to 0.19 wt%, and CaO range from 0.03-0.04 wt%. The bulk CaO and 
Al20 3 enrichment may also indicate movement of melt. 
8.3 Retrogressed Eclogite Model 
The Retrogressed Eclogite Model is a variant of the Emo Derived Model and proposes 
that the Emo Metamorphics were subducted to eclogite facies conditions similar to conditions at 
formation D'Entrecasteaux eclogites. During eclogitisation, early melt components escaped and 
reacted with the mantle wedge forming the transition zone rocks, and possibly also the Cape 
Vogel Boninite magma. After eclogitisation and extraction of initial melts, the residue was 
sheared and faulted to the surface during emplacement of the PUB ophiolite forming the 
metamorphic sole. The results of the Ar40 I Ar39 study suggest that metamorphic sole granulites 
crystallised and cooled at 58.3 ± 0.4 Ma (at about the same time as eruption of Cape Vogel 
boninites 58.9 ± 1.1 Ma). The residual eclogite rocks were always attached to the base of the 
ophiolite via the transition zone rocks and retrogressed to amphibolites, hornblende granulite 
and gabbro assemblages, now mapped as the metamorphic sole. 
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A rhyodacite melt was produced from Emo Metamorphics bulk composition (Table 7.1, 
Chapter 7) at 1050°C and 20 kbar. The residual assemblage after extraction of the rhyodacite 
melt is eclogitic and the assemblage is garnet-clinopyroxene-plagioclase?-rutile. The Emo 
Derived Model suggest that partial melts were generated at peak metamorphic conditions and 
reacted with overlying harzburgites to form the transition zone rocks. The production and 
movement of melts have made the metamorphic sole rocks refractory, and more mafic than the 
Emo Metamorphics. The calculated bulk composition after extraction of rhyodacite melt is is 
lower in Mg# to the amphibolites and granulites. At lower pressures the eclogite assemblage of 
garnet-clinopyroxene-plagioclase?-rutile will transform to a hornblende-clinopyroxene-
orthopyroxene-olivine-ilmenite assemblage. 
8.4 Concluding remarks and future work 
( 1) A 17 km long, and 200-300 m thick metamorphic sole of amphibolite and granulite and 
pyroxene granulite facies has been mapped beneath the base of the PUB ophiolite at the 
Musa-Kumusi Divide. The metamorphic sole is similar to the metamorphic sole mapped 
beneath the Semail ophiolite in Oman and Bay of Islands Ophiolite in New Foundland. A 
transition zone of hornblende gabbro, gabbro, wehrlite, lherzolite, pyroxenite, websterite 
and harzburgite separated the metamorphic sole from the overlying PUB ophiolite 
harzburgite. The banding and layering observed in the metamorphic sole rocks, transition 
zone rocks, and the overlying ophiolite all strike NW and dip at 30-50 °C to the NE. 
(2) The amphibolite assemblage is hornblende-andesine-quartz-clinopyroxene and crystallised 
at 2-4 kbar, 570-730°C. The granulite assemblage is hornblende-plagioclase-clinopyroxene-
orthopyroxene-ol ivine-i lmenite-spinel and crystallised at 3-5 kbar, 830-1000°C. The 
pyroxene gran u 1 ite assemblage hornblende-clinopyroxene-orthopyroxene-olivine-
plagioclase assemblage re-equilibrated at 3 kbar, and over 1000 °C. The transition zone 
pyroxenites, lherzolites, and websterites re-equilibrated at 730-930°C and pressure of 6-8 
kbar. The overlying PUB harzburgite cooled and re-equilibrated to 800°C. The cooling of 
the ophiolite from l 300°C (Jaques, 1980) to 800°C is thought to be the main heat source for 
metamorphism and partial melting process. 
(3) In hornblende of the metamorphic sole the positive correlation between (Na+K) at A-site 
and AIIV and their increase towards the current ophiolite contact, suggests that a thermal 
gradient exists in the metamorphic sole. Plagioclase co-existing with foliated (Na+K)-rich 
hornblende becomes more anorthite-rich towards the ophiolite contact. 
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( 4) A clear trend toward more mafic compositions with increasing metamorphic grade is 
observed in the metamorphic sole (Chapter 5, Figures 5.1 and 5.2). This trend is associated 
with systematic and broadly continuous changes in bulk rock compositions that suggest a 
close genetic link between these variably metamorphosed lithologies, the nature of which is 
fundamental to understanding the origin of the sole and the conditions under which the PUB 
was emplaced. The mafic granulite and gabbro compositions are mafic (phenocryst-rich) 
magmas or cumulates that were possibly parental to the (more evolved) greenschists and 
amphibolites of the Emo Metamorphics. The Emo greenschist and amphibolite protolith 
compositions have undergone major modification with increasing metamorphic grade, 
possibly by partial melting at the high-temperature and moderate-pressure metamorphic 
conditions experienced immediately prior to or at the time of PUB obduction (see Chapter 
4). 
(5) Equilibrium melt calculated using a simple non-modal batch-melting model shows that 
residue compositions formed by degrees of melting ranging from 0.1 % to 50% for 
amphibolite and eclogite types. The eclogite and particularly the combined amphibolite-
eclogite models produce residue arrays with increasing degrees of melting that are 
convincingly similar to the patterns of REE and other Primitive Mantle normalized 
incompatible trace element abundance variations that are observed with increasing 
metamorphic grade. Close inspection of these comparison suggests the bulk of the 
granulites are formed by up more than I 0% melt extraction, and that the more depleted 
granulites and gabbros are consistent with residues formed by degrees of melting ranging 
beyond 20 to as much as 50%. These model results, due the uncertainties surrounding the 
various assumptions made (starting compositions and mineralogy, melting model, and the 
partition coefficients), are inherently of only indicative value. 
(6) 40 Ar/39 Ar ages from the granulites from the metamorphic sole suggest that the PUB was 
emplaced at 58 Ma. Geochronological studies on the metamorphic sole, using amphiboles 
from the granulites and amphibolites, yield measured K-Ar ages ranging from 65.0 ± 0.7 to 
57.2 ± 0.6 Ma and average 40Ar-39Ar direct total fusion ages ranging from 67.0 ± 0.7 to 
59.5 ± 0.2 Ma. Five of the six 40Ar-39Ar plateau ages, derived from age spectra, lie 
between 58.6 ± 0.2 and 57.8 ± 0.2 Ma with an overall mean age of 58.3 ± 0.4 Ma. The large 
spread in measured K-Ar and 40Ar-39Ar total fusion ages is thought to be caused by the 
presence of variable amounts of excess argon. The mean plateau age for five samples of 
58.3 ± 0.4 Ma is interpreted to mark the time of cooling of the metamorphic sole following 
peak metamorphism. It is concluded that the development of the metamorphic sole and 
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emplacement of the PUB ophiolite onto the PNG crust occurred in a relatively short time 
interval in the Paleocene. 
(7) Experiments on Emo Metamorphics bulk at 1050°C, 20 kbars produced a rhyodacitic melt 
and a residual eclogite assemblage of garnet-clinopyroxene-rutile. The composition of the 
residue is a silica-poor mafic to ultrabasic composition enriched in CaO, MgO, FeO and 
Ti02, strongly depleted in K20 and Si02 and depleted in Na20 and Al203. At lower 
pressures, high temperatures, this bulk composition would crystallise to olivine + 
clinopyroxene + hypersthene + plagioclase + ilmenite if it is anhydrous or to a hornblende-
rich composition in the presence of 1-2% H20. Loss of a rhyodacitic melt fraction from the 
chosen 'Emo Metamorphics' composition produces olivine-normative and silica-depleted 
composition matching in these aspects to the hornblende granulites/hornblende gabbros at 
the base of the ophiolite. However, the Mg# of these residues, at ~50, is too low in 
comparism with values of~ 70-80 in the high grade rocks near the ultramafic contact. 
(8) The reconaissance experimental study of fluxed melting of refractory lherzolite clarifies 
several aspects of boninite petrogenesis. However, there are significant experimental 
difficulties in analyzing liquid/glass compositions in a system in which the melt is hydrous 
and olivine + orthopyroxene crystals act as nucleii for quench crystallisation and consequent 
modification of interstitial glass. In the projection from 'Di', olivine-control lines through 
the Maaloe and Aoki peridotite composition show that liquids with harzburgite residues 
(which lie to the left of the olivine control line) match the plotting position of high-Ca, low-
Ca Types I and II and some Type III boninites may be derived from this peridotite. 
However, in the projection from 'OI' it is apparent that high-Ca and Type III low-Ca 
boninites lie above the harzburgite residue control line, i.e., a line passing through the 'Qz' 
apex (where the highly refractory orthopyroxenes of Table 7.5 plot) and the Maaloe and 
Aoki peridotite composition. Type I and Type II low- Ca boninites may be derived from 
such a source but Type III low-Ca boninite and particularly high-Ca boninites must be 
derived from a more Ca-rich lherzolite source such as Tinaquillo Lherzolite, or MORB 
Pyrolite. 
(9) The Emo Metamorphics Derived Model or Retrogressed Eclogite model are the preferred 
interpretation for the formation of the metamorphic sole during emplacement of the PUB 
ophiolite. 
(I 0) Future studies should include: 
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(i) detailed study on effect of saussuritisation on bulk rock composition, 40 Ar/39 Ar study of 
the amphibolites and greenschists. 
(ii) diamond drilling of the well exposed contacts at Muguena, Labai, and Tributary Labai 
of the transition zone along with detailed micro-structural studies on olivine and 
orthopyroxene grains on oriented drill cores. Detailed petrography, mineral chemistry, 
and geochemistry will complement results obtained in this study. 
(iii) The Mg# of the Emo residues after extraction of the dacitic melt is too low in 
comparism with values of~ 70-80 in the high grade rocks near the ultramafic contact. 
This 'mismatch' in Mg-values may be due to the chosen Emo Metamorphics 
composition. It may be anomalously Fe-rich and a more typical composition would 
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APPENDIX 1. PETROGRAPHIC DESCRIPTION OF SOME THIN SECTIONS 
1. PUB HARZBURGITE ABOVE THE METAMORPHIC SOLE 
Muguena Creek 
Ml 
Subhedral olivine (45%) up to 1 mm fragments, few grains look euhedral due to shaving-off of grain 
edges by possible shearing. 01 grains with twinning is evidence of straining/deformational processes. 
Trace olivine also occur as inclusions in crsp. Serpentine (55%) up to 4 mm patches. Crsp grains 
(<1 %) up to 0.5mm. Traces of opaques, minor talc and fibrous amphibole proba.bly as retrogressive 
phases. Indirect evidence of minor opx in the form of bastite pseudomorph. Advanced stage (or 
rusty) serpentine vein networks dominate.The rock is possibly a dunite with up to 50% serpentinised. 
Areas with greater number of serpentine veins/or greater intensity of shearing may in fact be zones 
weakness due to serpentinisation, and the rock material may begin to flow/or move around. The crsp 
grains though randomly elongated seemed to be resistant to microshearing or grain scale movements 
within the rock. Opx may have been present, but completely altered to serpentine. 
M2 
Subhedral olivine (25%) up to mm, serpentine (68%) up to 7 mm patches, opx (6%) up to 4 mm 
grains, crsp (<1%) 1 mm, secondary ep (1%) veins as reveining of preexisting serpentine veins. Under 
XPL serpentine shows grey to black twinning colours. The crsp though have hair-like fractures filled 
by serpentine are resistant to shearing. Serpentine fills both normal fractures (50% of total 
fracture/shear spaces), and shear/microshear (50%) dominated fractures. Olivine grains prior to 
fracturing were larger, but fracturing/shearing and associated serpentinisation decreased their sizes. 
Epidote veins/reveins occurred very late. One interestin feature observed is serpentine vein network 
in ex opx grain into leaf-like pattern. The rock may be an olivine-hypersthene-chromite harzburgite 
with up to 65% serpentinised which has been tectonised. Tectonic fracturing/shearing encouraged 
serpentinisation of ol and opx grains. It is possible there may have been more than one shearing 
event. 
M3 
01 ( 50%) up to 2 mm grains, serpentine ( 40%) up to 6 mm patches, opx (10%) up to 1 mm grains, 
crsp (<I%) 0.5 mm. Fracture networks in ol and opx and to a minor extent crsp filled by serpentine. 
01 inclusions in crsp serpentinised. Serpentinisation may have reached advanced stage due to rusty 
appearance. Olivine-hypersthene-chromite tectonite with later retrograde serpentinisation. Apart 
from extensive fracture-fill serpentine, a small amount of microscale tectonic shearing may have 
occurred/affected the rock. 
M4 
Fractured subhedral ol (30%) up to 3 mm grains, serpentine (40%) up to 4 mm patches, opx (30%) up 
to 6 mm grains, crsp (<1%) 0.7 mm, secondary ep (1%) veins as fracture fills. Under XPL serpentine 
shows grey to black twinning colours. Serpentine networks seem to represent normal fractures in ol 
and opx now filled by serpentine. Other fracture networks seem torepresent one or more events of 
microshearing in single grains. It is suggested that 50% of rock material is normally fractured, 
microshears, and 10% both normal/microshear affected. Microshearing does not seem to affect the 
crsp grains which do contain normal fractures, now filled to some extent by serpentine. Multi-
direction microshears may indicate more than one event of shearing. Sharp contact between coarse 
opx and ol suggest co-existence/equilibrium conditions. Opx occur as exsolution lamellae and as 
separate discrete grains. The rock probably is an olivine-hypersthene-chromite tectonite with later 
retrograde serpentine, epidode, and calcite which has been affected by multistage microshearing 
tectonic processes. 
MS 
01 (50%) up to 1.2 mm grains, serpentine (30%) up to 3 mm patches, cpx (15%) 1 mm, opx (5%) up 
to 2 mm grains, crsp (<0.5%) 0.2 mm, tiny secondary ep, cal and chi veins cut pre-existing phases. 
Abit of exsolution lamellae in pyroxenes.The rock is a ol-cpx-opx-crsp tectonite harzburgite 
M6 
01 (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. Ol and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
M7 
01 (45%) <2 mm grains, serpentine (35%) <0.5 mm, opx (20%) up to 5 mm grains, crsp (<1 %) 0.6 
mm. Crsp grains show square to uncomplete square shaped fractures. But these simmilar fractures in 
olivine grains are being filled with serpentine. Opx grins contain ol and crsp inclusions. Under XPL 
one opx grain show banding. Grouping togetrher of opx grains suggest orthopyroxenite dykes. It is 
possible that melts generated during emplacement of the ophiolite were blocked by localised shearing, 
the melts then freezed forming the small pyroxenite dykes.The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. 
MS 
01 (45%) up to 2 mm grains, serpentine (33%) up to 2 mm zones, opx (22%) up to 8 mm grains, crsp 
( <1 % ) 1 mm. There is evidence of kink banding but not really obvious. Majority of opx grains show 
some degree of stretching/lengthening. In places thin slightly deformed bands of ol (~0.2 mm across) 
parallel layers of coarse opx suggesting ol was squeezed into opx fractures during tectonic deformation 
suggesting that the rock is indeed a tectonite, not a cumulate. Ol inclusions (with sharp contacts) 
occur in opx grains, probably providing some evidence of the two phases co-existing. Some ol grains 
look interstitial. Crsp also occur in opx as inclusions. Degree of serpentinisation much more in ol 
than opx. The rock is a harzburgite which has been tectonically deformed to an ultramafic tectonite. 
M9 
01 (52%) up to I mm grains, serpentine (42%) up to 4 mm patches, fibrous? opx (6%) up to 2.5 mm 
grains, crsp (<l %) 0.4 mm, tarce late calcite, epidote veins/reveins. Opx altering to chlorite? fibrous 
amphibole or just changing habit to fibrous opx. Much of the ol affected by 
serpentinisation/fracturing, i.e., filling square network of fractures. Black inclusion trails also present 
in ol and opx grains. Highly fractured/serpentinised ol-opx-crsp harzburgite with possible overprinting 
by retrograde chl-ep and serpentine. 
Mu971 
01 (50%) up to 1-2 mm grains, serpentine (40%) up to 4 mm patches, fibrous? opx (10%) up to 1.5 
mm grains, crsp (<1 %) 0.5 mm, tarce late calcite, epidote veins/reveins. Opx altering to chlorite? 
fibrous amphibole or just changing habit to fibrous opx. Much of the ol affected by 
serpentinisation/fracturing, i.e., filling square network of fractures. Black inclusion trails also present 
in ol and opx grains. Highly fractured/serpentinised ol-opx-crsp harzburgite with possible overprinting 
by retrograde chl-ep and serpentine. 
Mu972 
01 (47%) up to 1-2 mm grains, serpentine (46%) up to 2 mm patches, fibrous? opx (7%) up to 1 mm 
grains, crsp (<l %) 0.6 mm, tarce late calcite, epidote veins/reveins. Opx altering to chlorite? fibrous 
amphibole or just changing habit to fibrous opx. Much of the ol affected by 
serpentinisation/fracturing, i.e., filling square network of fractures. Black inclusion trails also present 
in ol and opx grains. Highly fractured/serpentinised ol-opx-crsp harzburgite with possible overprinting 
by retrograde chl-ep and serpentine. 
Mu973 
01 (60%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. The rock probably is representative of an olivine-hypersthene-chromite 
harzburgite/dunite which has been tectonised. Tectonic fracturing/shearing encouraged 
serpentinisation of ol and opx grains. It is possible there may have been more than one 
shearing/fracturing event. 
Mu975 
01 (60%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. The rock probably is representative of an olivine-hypersthene-chromite 
harzburgite/dunite which has been tectonised. Tectonic fracturing/shearing encouraged 




01 (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
La975 
01 (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
La976 
01 (54%) up to 0.5 mm fragments, serpentine (20%) up to 0.5 mm wide zones, opx (25%) up to 8 
mm grains, crsp (1 %) 1.5 mm, cpx lamellae ( <1 %), late calcite, epidote veins/reveins. Banding is not 
quite clear in opx, but allignment of smaller crsp grains suggest banding is present. Proportions of crsp 
much higher than La975. Fragments of ol (fine grain) rim opx/enstatite grains. Coarse-grained 
harzburgite, with opx augens in matrix of fine grained recrystallised/serpentinised olivine. 
La977 
01 (60%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 10 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. The rock probably is representative of an olivine-hypersthene-chromite 
harzburgite/dunite. Coarse grained ol-opx-crsp harzburgite which have been fractured/sheared and 
consequently serpentinised. Texturally and mineralogically similar to Mu973. Evidence of shear-
related alignment of crsp grains. 01 + opx inclusion present in crsp grains. Fractured ol grains with 
preferred orientation, suggest tectonic deformation processes affected the rock. Shearing moved 
olivine surrounding the opx grains into the opx. Tectonic fracturing/shearing encouraged 
serpentinisation of ol and opx grains. It is possible there may have been more than one 
shearing/fracturing event. 
La978 
01 (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
Other locations 
7463 
01 (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
7534 
01 (74%) up to 3.5 mm grains, serpentine (20%) up to 2 mm, opx (5%) up to 1.5 mm grains, crsp (1 
%) 0.7 mm, late calcite veins occur. Serpentinisation is the easily recognised process in the rock, and 
also occur as interconnecting networks. The rock probably is part of the PUB harzburgite. Tectonic 
fracturing encouraged serpentinisation of ol and opx grains. Multiple shearing is observed. 
7535 
OJ (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
7959 
01 (65%) up to 1.5 mm grains, serpentine (32%) up to 5 mm patches, opx (2%) up to I mm grains, 
crsp (I%) 0.2 mm. Crsp is quite resistant to fracturing compared to opx and ol. 01 and opx grains 
initially larger but fracturing/altering to serpentine caused grain size reduction. The rock probably is 
part of the PUB harzburgite. 
7599 
01 (89%) up to 2 mm grains, serpentine (35%) up to 3 mm patches, opx (I I %) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Rusty (advanced stage) 
serpentinisation also occur. Serpentine occur as interconnecting networks. 01 and opx grains initially 
larger but fracturing/altering to serpentine caused grain size reduction. Advanced stage 
serpentinisation masked evidences of sheared and normal fracture associated serpentinisation. Most 
opx altering to bastite. The rock is an olivine-hypersthene-chromite harzburgite/dunite which has not 
been intensely tectonised. 
2. TRANSITION ZONE ROCKS 
Muguena Transition 
MCS 
The rock in thin section consist of a dunite (olivine 50% 0.5 mm, crsp 3% 0.2 mm, serpentine 40% 
I mm patches, opaques I% 0.2 mm, chlorite 6% I mm) and pyroxene/lherzolitic band (cpx 50% 1.5 
mm, opx 40% 1 mm, crsp 5% 0.1 mm, olivine 2% 0.5 mm, serpentine 3% 0.5 mm). 
MC8 
Layered 1 herzolite with mixture of dunite(with trace amphibole) and pyroxnite band. The dunite band 
consist of olivine (50%, 0.5 mm), crsp ( 4%, 0.5 mm), opaques (1 %, <0.1 mm), and serpentine ( 45%, 
0.2 mm patches). The pyroxenite band are 5-10 mm wide and consist of orthopyroxene (50%, 
2mm), olivine (20%, 0.6 mm), crsp (2%, 1 mm), clinopyroxene exsolution lamellae (2%, <0.3 mm), 
and serpentine( <2 mm, 20%). The presence of olivine, suggests that the band can also be a 
harzburgitic band. 
MC 14 -
This rock contain relics of coarse grained assemblages, suitable original assemblegs present/. relics 
present than recrystalise, then rolled up by fine, Opx with into accumulate opx, no saussurite 
or amphibole, suggest not part of primary but part of recrystallised. Little colorless opx? fibrous 
amphibole present, small amount of amph in recrystallised material. The harzburgite is 60% 
serpentinised. Primart high temperature ol-opx-crsp have recrystallised/tectonically sheared. 
Serpentine (60%, 1 mm zones), olivine (30%, 0.6 mm), crsp (<1 %, 0.4 mm), opx (10%, 2mm) and 
trace cpx as exsolution lamellae. 
Labai Transition 
La972 
01 (48%) up to 4 mm grains, serpentine (46%) up to 5 mm patches, opx (5%) up to 3 mm grains, 
crsp (0.5%) 0.5 mm, late calcite, epidote veins/reveins (0.5%). Late hair-size sulphide veins 
associated with ep-chl alteration/veining. Rusty (advanced stage) serpentinisation dominant. 
Serpentine mostly occur as interconnecting networks. 01 and opx grains initially larger but 
fracturing/altering to serpentine caused grain size reduction. Trace amounts of serpentine fills 
fractures in shearing resistant crsp grains. Multi-directional sulphides/ep-cal veins are retrograde 
phases. Advanced stage serpentinisation masked evidences of sheared and normal fracture associated 
serpentinisation. Most opx serpentinised to bastite. The rock probably is representative of an 
olivine-hypersthene-chromite harzburgite/dunite which has been tectonised. Tectonic 
fracturing/shearing encouraged serpentinisation of ol and opx grains. It is possible there may have 
been more than one shearing/fracturing event. 
LClO 
This rock is a banded peridotite with pyroxenite lherzolite banding, and also an olivine rich band 
(dunite banding). The pyroxenite/lherzolitic band consist of opx (50%, 3 mm), cpx (20%, 1.5 mm), 
olivine (25%, 0.5 mm), crsp (1 %, 0.1 mm), and serpentine (5%, 1 mm patches). 
7557 
Banded with harzburgitic to lherzolitic bands. Overall olivine (60%, 0.5 mm), enstatite (10.5%, 2 
mm), crsp (0.5%, 0.2 mm), 25% of mainly olivine serpentinised. 
7558 
Banded with harzburgitic to lherzolitic bands, similar to 7557. Overall olivine (30%, 0.5 mm), 
enstatite (40%, 2 mm), crsp (1 %, 0.2 mm), 30% of mainly olivine serpentinised. 
LC2 
Brown hornblende(5%, 1 mm), pink clinopyroxene (60%, ~2mm) olivine (2%, l.5mm) interstitial 
ilmenite/opaques (15%, 1 mm) chlorite/venus (4%, 0.8 mm zones) bastite/venus/fracture fills (3%, 1 
mm zones) former plagioclase (8%, 1.2 mm grains). The rock is possibly a cpx-ol(plag cumulate with 
granulite facies grade hbl(ilmenite factured/oreprinted by serpentine chlorite and bastite + serpentine. 
LC4 
The rock composing of dunite and pyroxenite rich bands has been sheared and the dunitic material is 
preferentially sheared compared to the pyroxenite or lherzolitic material/band. A cpx grain has 
exsolution. Dunite band ol (0.2mm, 30%), serp (0.5mm, 60%), crsp and opaques (0.2mm, 10%). 
Pyroxene Band crsp (41%, 0.8mm), opx (60%, l.2mm ), cpx (35%,lmm), opaques (2%, 
<0.2mm), · ol (3%, 0.5mm). A coarse grained lherzolite/harzburgite which has been sheared. The 
shearing/deformation process has separated the rock material into competent dunite bands and 
incompetent crsp-py-ol pyroxene lherzolite bands. 
LCll 
This rock is an olivine-chromite dunite, cut by pyroxenite band. Microshearing, and olivine grain size 
reduction is also evident. Shear bands cut mineralogical banding at angles of ~1200. The shear bands 
are then moved/displaced again by more recent movement along the mineralogical bands. Overall the 
rock could be called a tectonised banded dunite/harzburgite. Cpx exsolved out of opx as lamellae. 
Serpentine fills both late and early shears/fractures. Olivine (25%, 0.5 mm), cpx (2%, 2 mm), crsp 
(3%, 1 mm), and trace opx. 
LC12 
The specimen consist of a 8 mm wide pyroxenite band ( 55% cpx 2.5 mm, 20% opx Imm, 3% 
olivine 0.2 mm, 2% crsp 0.1 mm, and 20% serpentine, chlorite, calcite) and a harzburgitic band 
(olivine 40% 0.5 mm, opx 1 % 1 mm, crsp 5% 0.5 mm, and trails of Fe-oxides 3%). The rock may 
have been a refractory ol-opx-crsp harzburgite, which has been intruded by small pyroxenite and 
lherzolitic veins. The bands may refresent primary lherzolitic material. They can also be tectonic 
segregation, or formed through interaction of melts from Emo metabasalts. 
LC13 
The rock consist of two pyroxenite bands (70% opx, 20% serpentine, 7% olivine, 2 % crsp, and 1 % 
secondary chlorite, calcite and cpx lamellae in opx) and one dunite band. In the dunite band olivine is 
48%, serpentine is 50%, olivine <l % and crsp <1 %. Olivine (initially up to 1 mm grains) have been 
sheared/reduced to very small (0.1-0.2 mm) grains. The olivine grains float in the serpentine and act 
as matrix material to coarser opx (2 mm) and chrome spine! grains. Overall the rock is a pyroxenite. 
3. GABBRO SAMPLES 
7513 
Hornblende-poor gabbroic texture rock. Clinopyroxene grains are 1-2 mm across (34%), 
orthopyroxene (45%, 1 mm), olivine (10%, 0.5 mm), and spine! (5%, 0.2 mm across). The rock is 
interpreted as a pyroxene granulite facies rocks. Saussuritised plagioclase patches (up to 1 mm) make 
up to 6% of the rock. 
7514 
Brown subhedral hornblende (15%) up to 0.7 mm; subhedral to anhedral clinopyroxene (45%) up to 
1.2 mm; subhedral olivine (Fo75 ) (30%) up to 1 mm; chrome spine! and associated pyrite and 
chalcopyrite (10%) up to 0.15 mm. Presence of minor sulphide minerals and amphiboles indicate 
movement of hydrous fluids and possibly melts and associated remobilisation of base metals. Protolith 
was probably a clinopyroxene-olivine-chrome spine! cumulate. The rock is interpreted as a pyroxene 
granulite. 
7559 
The rock is similar to 7513, and 7514 in texture containing. Saussuritised plagioclase patches (40%, 
1.5 mm) occur in the rock, but amphibole is absent. Clinopyroxene cosist of up to 48% of the rock, 
and spine! grains (1 mm across, 10% ), opaques and trace olivine? (2%, 0.2 mm). 
4. HORNBLENDE GABBRO SAMPLES 
7560 
Coarse deep brown subhedral hornblende (43%) up to lmm; subhedral clinopyroxene (25%) up to 
3mm, saussuritised plagioclase patches (20%) up to 2 mm; spine! inclusions (5%), olivine (Fo73) 
(2%); and secondary green and yellow chlorite (2%) mostly as vein material. The rock shows 
interlocking grains. The hornblendes are non foliated and coarse intergranular grains. 
La971 
The rock is dominated by coarse-grained patches with gabbroic texture but small bands of altered 
plagioclase and fresh plagioclase (35%, up to 3 mm), clinopyroxene (8%, 0.5 mm), ilmenite grains 
also occur (3%, 0.4 mm). The coarse unfoliated hornblende suggest that the 
Rock equilibrated at high temperature. 
LC7 
The rock is a high grade hornblende granulite similar to LC5 but has a more granular texture. Both 
ilmenite/opaques and amphiboles exhibit interstitial. The coarser grains of amphiboles are less 
metamorphic and move igneous texture, hence the rock is described as a hornblende gabbro. Red 
brown hornblende (75%, 2mm), plagioclase is present and is An92 (3%, 0.3 mm). Large areas of 
saussuritised zones are widespread (20%, 3 mm across). Olivine is present (0.2 mm, 3%). Lack of 
clinopyroxene and orthopyroxene suggest that these phases may have reacted out as hornblende. 
TLa971 series 
The samples represent individual bands drilled out of a banded gabbroic sample from Tributary Creek. 
The process of banding and layering is quite dominant in the metamorphic sole as seen by layers of 
light minerals (mostly plagioclase) and darker more mafic minerals. Each band was isolated by 
sampling, but the bands overlaps. All the plagioclase in the bands have been saussuritised, making it 
quite hard to determine its composition and comparing eith co-existing hornblende. Each individual 
band is now described. 
Tla971a 
olivine(20%, 0.6 mm), orthopyroxene (25%, 1 mm)., clinopyroxene (30%, 1 mm)., hornblende 
(20%, 0.4 mm)., altered plagioclase (3%, 0.4 mm), ilmenite (3%, 0.4 mm), 
magnetite ilmenite (3%, 0.4 mm). 
Tla971b 
olivine(21 %, 0.5 mm), orthopyroxene (22%, 1 mm)., clinopyroxene (20%, 1 mm)., hornblende 
(15%, 0.4 mm)., altered plagioclase (16%, 1 mm), ilmenite (3%, 0.4 mm), 
magnetite ilmenite (3%, 0.4 mm). 
Tla971c 
Olivine(l 8%, 0.6 mm), orthopyroxene (15%, 1.4 mm)., clinopyroxene (25%, 0.5 mm)., hornblende 
(3%, 0.4 mm)., altered plagioclase (20%, 1 mm), ilmenite (3%, 0.4 mm), 
magnetite ilmenite (3%, 0.4 mm). 
Tla971d 
Olivine(l 5%, 0.3 mm), orthopyroxene (2%, 1 mm)., clinopyroxene (35%, lmm)., hornblende (30%, 
0.4 mm)., altered plagioclase (12%, 2 mm), aluminous spine! (3%, 0.4 mm). 
Tla971e 
Olivine(12%, 0.4 mm), orthopyroxene (20%, 1.2 mm)., clinopyroxene (13%, 1 mm)., hornblende 
(40%, lmm)., altered plagioclase (15%, 2.5 mm). The amount of amphibole present in the band is 
lower com pared to TLa971 f. 
Tla971f 
Olivine(3%, 0.2 mm), orthopyroxene (17%, 1 mm)., clinopyroxene (18%, 0.5 mm)., hornblende 
(60%, 1.2 mm)., altered plagioclase (30%, 2 mm), ilmenite (2%, 0.4 mm), 
And minor secondary calcite. 
5.HORNBLENDE GRANULITE 
LCl 
High grade hornblende granulite consisting of hornblende grain (reddish brown ( brown ( light brown 
pleichronians), cpx, opx, and olivine. Main opaque phase present in possibly ilmenite(titaniferrous 
magnetite. Rusty brown grey patches/zones of altered plag? also present. Hbl (60%, -2mm), cpx 
(15%, lmm), opx (6%, lmm), ol (2%,0.6mm) ilm (10%, 0.3mm), former plag (7%,-lmm). The 
rock is possibly a opx-opx-plag cumulate metamorphased at hbl granulite facies to produce post-
cumulus hbl(opaques. It is not clear whether plag was metamorphic/or cumulus phase. 
LC3 
This rock is a hornblende granulite with much more brown hornblende than LC2.The hornblende 
grains are much bigger, though interstitial opaques/bbl grains can still be seen. brown hornblende 
(50%, 2mm), clinopyroxene (30%, 1 mm), serpentine/bastite (6%, 2 mm zones), chlorite (3%, 0.5m 
zones)opaque -ilmenite (4%, <0.2mm), olivine (1 %)former plagioclase (6%).The rock is interpreted 
as an amphibolitised gabbroic band. 
LCS 
The rock is a high grade hornblende-cpx-((cpx)-ilmenite-timt-ol(plag granulite. Some cpx grains 
show twinning. The opaque (probably mostly ilmenite exhibit interstitial textures along with 
fraction of hornblende grains). Amphibole grains also occur as inclusions in cpx, opx grains. 
Inclusion trails also occur in amphiboles and cpx, opx, ol grains. Amphibole grains show pleichroism 
from high brown-brn?? brown. Phases present include brown hornblende (50%, l .2mm), 
clinopyroxene (30% , 1.5mm), opx (5%, 1 mm opaques-ilmenite and timt (7%, 0.5mm), former plag-
plag (I %,0.2mm ) olivine (I %,0.3mm). Has more opague than LC7, plain light pink mineral cpx, 
play in close high yellows. recrystalled cpx-1 eiby cpx pink, high T (ii) late cpx with low Ti, it 
rcover cpx, allsthoniphic or gramblastive 
reaction with ol, ol boundries are quit clean. 
LC8 
The rock is a high grade hornblende granulite similar to LC5. Both ilmenite/opaques and amphiboles 
exhibit interstitial. The coarser grains of amphiboles are less metamorphic and move igneous texture. 
7442 
Black well-recrystallised hornblende granulite contammg mostly well foliated brown hornblende 
(65%) up to 2 mm; high relief anhedral orthopyroxene (En78) (25%) up to 0.5, partly serpentinised 
olivine (Fo77) (5%) up to I mm; magnetite (5%) up to 0.025 mm and minor chlorite. The brown 
amphiboles exhibit sectorial twinning and contain inclusions of orthopyroxene and magnetite. Trains 
of magnetite cut across amphiboles and amphibole poikiloblasts. Orthopyroxene and hornblende 
appear to be in equilibrium at hornblende granulite facies. Olivine appears to be in equilibrium 
withorthopyroxene and hornblende but may be a relict igneous phase. Ti content of amphibole is low 
compared to other samples close to the ophiolite contact. This may be due to partitioning of Ti into 
Ti-magnetite, or high modal hornblende abundance. 
7448 
Well-recrystallised hornblende granulite containing mostly well foliated brown hornblende (40%) up 
to 3 mm; high relief pale brown orthopyroxene (En77) (26%) up to 1 mm, colourless to pale green 
clinopyroxene (15%, 1.2 mm), anhedral olivine (Fo77) (2%) up to 0.4 mm; altered plagioclase 
(10%) up to 2 mm, ilmenite (5%) and titaniferous magnetite (2%) as inclusions. The pyroxenes also 
occur as inclusions in amphibole, and amphibole as inclusions in pyroxene. Fine magnetite are 
crystallographically controlled in amphiboles. The presence of three phase assemblage olivine-
orthopyroxene-hornblende suggest that the rock reached granulite facies metamorphic conditions at 
temperatures, possibly >800°C. The sharp grain contacts between pyroxene and amphibole inclusions 
indicate equilibrium between the two phases. 
7450 
Hornblende granulite with compositional layering defined by hornblende prisms. Foliated brown 
subhedral hornblende (55%) up to 1.5 mm, high relief anhedral to subhedral brownish white to grey 
orthopyroxene (En79) (30%) up to 1 mm, subhedral olivine (Fo77) (0.5%) up to 0.5 mm; ilmenite 
inclusions and other opaques (4%), green to dirty brown patches of chlorite as vein material in 
fracture (3%) and zones of altered plagioclase. Orthopyroxene also occurs as inclusions in brown 
hornblende. The inclusions give the rock a poikilitic texture. The three phase assemblage olivine-
orthopyroxene-hornblende suggest granulite facies conditions. 
7487 
Hornblende granulite with compositional layering. Subhedral, and seriately arranged brown hornblende 
(62%) of up to 3mm; high relief anhedral to subhedral orthopyroxene (En69) (10%) up to 1 mm, 
layered saussuritised plagioclase, and plagioclase with al bite twinning (21 % ) up to 1.5 mm across, 
euhedral chrome spine! and ilmenite as inclusions in hornblende (2% ). Small orthopyroxene ramnants 
occur in the brown amphiboles. Sharp contact between hornblende and plagioclase indicate equilibrium 
conditions, and where plagioclase and orthopyroxene are juxtaposed reaction rims of clay minerslas 
are developed. The orthopyroxene and plagioclase reaction rims are evidence of late metamorphic 
reaction. The seriate texture in the rock is an annealing texture, and suggest recrystallisation of 
hornblende poikiloblasts due to raised temperature. 
7536 
Well-recrystallised hornblende granulite with subhedral brown hornblende (80%) up to 2 mm; 
subhedral orthopyroxene (En77) (14%) up to 1 mm; olivine (Fo76) (3%) up to 1 mm, saussuritised 
plagioclase and clinoenstate patches (3%). Minor phases include chlorite, ilmenite and talc. Talc 
occur as alteration mineral around fractures and grain boundaries of the orthopyroxene. Clinozoisite 
developed from breakdown of plagioclase. Chlorite, talc, ilmenite are most probably secondary 
retrograde phases. Sharp grain contacts between orthopyroxene inclusion and host brown hornblende 
indicate equilibration under hornblende-granulite facies. Development of clinozoisite after plagioclase 
indicate retrogression to amphibolite facies 
7552 
Saussuritised patches of plagioclase (30%) up to 2 mm; secondary chlorite (30%), up to 1.5 mm; well 
cleaved sub-hedral clinopyroxene (16%) up to 2 mm; intergranular ilmenite (15%) up to 0.15 mm; 
brown subhedral hornblende (7%) up to 0.5 mm, prehnite veinlet (<1 %). Inclusions of ilmenite in 
brown hornblende and clinopyroxene, and of chlorite in clinopyroxene. Clinopyroxene has 
exsolution lamellae of orthopyroxene (En45). Late prehnite veinlet cuts clinopyroxene. 
7604 
Black well-recrystallised hornblende granulite consisting mostly of foliated amphibole. Coarse grained, 
and inter granular brown hornblende with cuspate grain boundaries (30%) up to 1.5 mm; dark irregular 
patches of saussuritised plagioclase (40%) up to 2 mm; stubby subhedra and anhedra of orthopyroxene 
(En75-76) (23%) up to 1 mm; clinopyroxene enclosed inside orthopyroxene (2%); minor anhedral to 
subhedral olivine (Fo74) up to 0.2 mm, chlorite and tremolite alteration zones (2%), minor dark 
yellow Fe-Ni sulphide mineralisation and ilmenite and magnetite inclusions as opaques. Talc? 
alteration rims on orthopyroxenes. Some clinopyroxene are enclosed in orthopyroxene, and some 
orthopyroxene are enclosed in orthopyroxene, and some orthopyroxenes are enclosed in hornblende. 
7493 
Hornblende granulite with compositional layering consist of foliated subhedral deep brown hornblende 
(50%) up to 3 mm, anhedral to subhedral clinopyroxene (5%) up to 2 mm; anhedral olivine (Fo74) 
(15%) up to 3 mm, saussuritised zones (25%) up to 3 mm, chrome spine! (5%); serpentine/bastite 
veins cut the primary minerals. Olivine, clinopyroxene and chrome spine! were primary igneous 
phases, but appear to be in equilibrium with hornblende. This indicates recrystallisation at granulite 
facies conditions. 
7494 
Black well-recrystallised mafic granulite with brown metamorphic hornblende (40%) up to 2 mm; 
subhedral orthopyroxene (En81) (30%) up to 1 mm; olivine (Fo82) (10%) thin serpentine veins 
(10%); Fe-rich chrome spine ls (5%) up to 0.1 mm; anorthite (An97) (5%). Am phi bole grains enclose 
chrome spine! and orthopyroxene. The rock has a strong planar fabric and show poikiloblastic 
texture in places. The brown horn bl en de is magnesio-hastingsite and pargasite and is indicative of 
high Na + K substitution into the A-site of amphibole at very high temperatures. Serpentine veins are 
retrograde. 
7479 
Well-recrystallised hornblende granulite foliated amphiboles up to 2.5 mm (60%), orthopyroxene 
(En78)(30%) up to I mm, subhedral to elongated plagioclase (1 %) with some albite twinning up to 
0.15 mm length; brown saussuritised zones (7%) up to 1 mm; ilmenite and magnetite inclusions (2%) 
up to 0.1 mm. Plagioclase also occur as inclusions in brown hornblende. Small plagioclase inclusions in 
hornblende are unaltered. Large areas of plagioclase are up to 60% altered. Three phase assemblage 
plagioclase-hornblende-orthopyroxene indicate hornblende granulite facies. 
7480 
Gneissic granulite with compositional layering. Coarse grained subhedral brown hornblende with well 
developed cleavages (65%) up to 3 mm; orthopyroxene (En74)(18%) up to 1 mm; saussuritised 
plagioclase (10%, 1.5 mm); magnetite (4%) and chrome spine! (2%) inclusions in hornblende; 
andorthite (An92) (1%); and chlorite (2%). Small calcite and pyrite grains also occur in hornblende. 
Orthopyroxene occurs as inclusion in brown hornblende, and brown hornblende inclusions occur in 
orthopyroxene. The inclusions give the rock a poikilitic texture. The three phase assemblage 
anorthite-orthopyroxene-hornblende indicate granulite facies conditions. 
7481 
Hornblende granulite with compositional layering and gneissic texture contains brown subhedral 
hornblende (40%) up to 2 mm; 5 mm patches of altered plagioclase (35%), subhedral clinopyroxene 
(10%) up to 1 mm, ; high relief anhedral to subhedral orthopyroxene (En57) (5%) up to 1 mm; 
plagioclase (An75) (5%) up to 0.5 mm; and chlorite (2%). Parts of the plagioclase grains are altered, 
and orthopyroxenes are part altered to chlorite or fibrous amphibole. Minor opaques are present as 
inclusion in amphiboles. Amphiboles show sectorial twinning, and also contain inclusions of 
orthopyroxene. 
7589 
Black well-recrystallised hornblende granulite with subhedral foliated amphiboles and faint 
compositional layering of light and dark minerls. Foliated subhedral deep brown hornblende (30%) up 
to 1.4 mm; dark patches of altered plagioclase (50%) up to 2mm; high relief anhedral to subhedral 
diopside (10%) up to 2 mm; anhedral to subhedral olivine (Fo73) (5%) up to 1.5 mm; and 
intergranullar opaques (5%) of intergrannular ilmenite, magnetite and spine!. Hornblende inclusions 
have sharp grain contacts with host diopside. Fine opaques also occur as inclusions in hornblende and 
diopside. The four-phase assemblage ilmenite-olivine-clinopyroxene-hornblende is indicative of 
granulite facies. Stubby equant clinopyroxene and olivine and intergranular plagioclase and opaques 
suggest protolith was an olivine-clinopyroxene cumulate with post-cumulus plagioclase and opaques. 
Brown hornblende has equilibrium contact with clinopyroxene, olivine and former plagioclase. 
Plagioclase altering to clay is a retrogressive effect. 
7590 
Well-recrystallised and slightly feldspathic hornblende granulite foliated amphiboles up to 4 mm. 
Foliated subhedral deep brown hornblende (55%) up to 4.5 mm; and inclusions of pyroxene; anhedral 
to subhedral clinopyroxene (15%) up to 1.5 mm; patches of altered plagioclase (18%) 2mm across, 
orthopyroxene (En74)(5%) up to 1 mm; and fine magnetite. Talc? (7%) form corona textures 
around pyroxene, fibrous amphibole?, and minor clay alteration. Initially a hornblende granulite of 
hornblende, two pyroxene, and calcic plagioclase, and it has retrogressively altered to low 
temperature clays, talc?. 
7598 
Well-recrystallised, gne1ss1c to slightly feldspathic hornblende granulite with subhedral foliated 
amphibole to l mm with faint compositional layering. Brown subhedral hornblende (30%) up to 1 mm 
and as inclusions in clinopyroxene; saussuritised plagioclase ( 40%) up to 2 mm across; colourless to 
greyish clinopyroxene (20%) up to 1 mm; magnetite inclusions (2%); prominent zeolite vein (2%); 
and clay and carbonate altered zones (5% ). Alteration forms coronas on hornblende. Green 
hornblende also occurs in veinlet. Hornblende granulite with later partial equilibration to amphibolite 
(green amphibole veining) and zeolite facies (zeolite veins). 
LS 
Hornblende granulite with saussuritised plagioclase bands define metamorphic foliation. Quartz is 
absent. Red-brown hornblende (60%, 2mm); orthopyroxene (20%, lmm); clinopyroxene (5%, lmm); 
saussuritised plagioclase (15%, 2mm); olivine rare to absent, and opaques (<1%, 0.1 mm). In places 
the rock exhibit equigranular texture. 
L6 
Olivine granulite with saussuritised plagioclase bands, and hornblende bands defining metamorphic 
foliation. Fine grained olivine wide spread. Brown hornblende (60%, 2-3mm); orthopyroxene (15%, 
lmm); clinopyroxene (5%, lmm); saussuritised plagioclase (16%, lmm); olivine (3%, 0.3 mm), and 
opaques ( mainly ilmenites, 1 %, 0.1 mm). 
L7 
The rock is a layered granulite. Brown hornblende (60%, 5mm); orthopyroxene (15%, 2mm); 
clinopyroxene (5%, lmm); saussuritised plagioclase (10%, 2mm); olivine (-2%, 1 mm), and opaques 
(3%, 0.1 mm). The brown hornblende and zones of saussuritised plagioclase define metamorphic 
foliation. In places the rock exhibit equigranular texture. Metamorphic foliation is clearly defined in 
hornblende-rich areas, in places patches of gabbroic (coarse grained, unfoliated) texture present giving 
the rock a porphyroblastic texture. 
L8 
Brown hornblende (60%, 2mm); orthopyroxene (10%, 1 mm); clinopyroxene (10%, 1 mm); 
saussuritised plagioclase (3%, 2mm); olivine (-2%, 0.5 mm), and opaques (<1 %, 0.1 mm). The brown 
hornblende and zones of saussuritised plagioclase define metamorphic foliation. In places the rock 
exhibit equigranular texture. 
6. AMPHIBOLITE SAMPLES 
7485 
Coarse-unfoliated hornblendes (97%) up to 3 mm, and titaniferous magnetite (3%) suggest that the 
rock is a hornblendite. 
7486 
Coarse unfoliated amphibolite (hornblendite) dominated by coarse interlocking grains of unfoliated 
brown hornblende, up to 8 mm. Coarse unfoliated hornblende (95%) with diffused grain boundaries 
and magnetite and ilmenite inclusions ( 4%), plagioclase and vein material ( 1 % ) and minor chlorite 
and clay alteration. Some hornblende show simple twinning under cross polars. The rock show 
annealing texture where the rock has crystallised to form larger crystals. The large unfoliated 
hornblende formed due to recrystallisation at raised temperature. The rock was sampled in a zone 
parallel to the amphibolites suggesting a dyke or presence of very hot hydrous fluids. 
7495 
Gneissic amphibolite showing foliated amphiboles. An augen gneiss compnsmg relic clinopyroxene 
augen to 2 mm in field of generally finer grained blue-green hornblende (50%, up to 1.2 mm), with 
andesine (An35) (10%) and altered plagioclase and epidote (40%). Shear planes are also present. 
Possibly a high grade metamorphic rock retrogressed to lower amphibolite facies in the course of 
strong deformation and shearing. 
7595 
Foliated amphiboles are cut by plagioclase/albite veinlets. The foliated amphiboles give the rock a 
gneissic texture. Strongly foliated subhedral pale brown hornblende (60%) up to 2mm with abundant 
ilmenite inclusions (5%); saussuritised plagioclase (30%) up to 0.5 mm; chlorite vein up to 0.1 mm 
across, albite up to 0.25 mm, and epidote veinlets (5%). Near the epidote vein, the hornblendes are 
larger in size and less foliated. The patches of altered plagioclase are elongated in the plane of 
foliation. The rock is a hornblende-plagioclase-ilmenite amphibolite retrogressively altered to albite-
epidote-chlorite greenschists. Alternating layers of fine and coarse grained amphibole are cut by 
epidote. Presumably ilmenite develops (e.g., from titaniferous magnetite), as hornblende re-equilibrate 
to lower temperature and can no longer hold TI in the hornblende lattice. 
7446 
The rock is a well foliated amphibolite facies with green and blue green hornblende (50%, 1 mm 
across) defining metamorphic foliation. Quartz is folded and concentrated in pressure shadow areas 
(10%, 1 mm across), saussuritized plagioclase (40%, 3.5 mm patches, anhedral), 0.5 mm wide 
clinozoisite vein as fracture fillings (1 %). 
7447 
The rock has a similar fabric to 7446, but is more fine grained. Well foliated blue green amphibole 
(70%, 0.01 mm), plagioclase foliated and elongated (10%, 0.2 mm across), metamorphic quartz 
grains (2%, 0.2 mm across), brown opaque patches (15%, may be saussuritised plagioclase, o.1 mm 
across) and trace relic cpx. 
7491 
Presence of epidote and blue green amphibole suggest that the rock is an epidote amphibolite facies 
rock. Blue green amphibole well-foliated to crudely foliated ares (0.5 mm, 60%), altered plagioclase 
and fresh plagioclase are present (An 12, 0.2 mm, 30%). Opaques, and epidote veinlets also present 
(10%). 
7571 
Gneissic foliated amphibolite with foliated subhedral amphiboles (50%, 1.5 mm) and altered 
plagioclase (36%, 4 mm); subhedral albite (8%, 0.2 mm, probably secondary in origin); clay 
minerla/opaques (6%). Hornblende and calcic plagioclase probably equilibrated in upper amphibolite 
facies. The assemblage has retrogressed to chlorite-albite-amphibole in greenschist facies. 
7460 
Gneissic amphibolite with crudely foliated pale brown hornblende. Light brown to greenish subhedral 
to euhedral hornblende (65%) up to 1.5 mm, saussuritised plagioclase (30%) of up to 3 mm across, 
albite veins (4%) up to lmm thick and small amounts of plagioclase. Magnetite inclusions occur in 
hornblende. The assemblage albite-hornblende indicate high temperature greenschist or amphibolite 
facies. The altered plagioclase in the body of the rock probably was more calcic, and records earlier, 
higher-grade metamorphic conditions. 
7544 
This rock specimen contain evidence of tectonic juxtaposition between two distinct lithologies at 
diffferent metamorphic conditions. It has two bands, a darker amphibolite facies band consist of 
plagioclase and foliated brown hornblende (at 50% each), and a greenschist band of blue green 
hornblende (70%, 0.5 mm) and albite (20%, 0.2 mm) and quartz (4%), altered zone of former plag 
and opaques make up 5-6% of the rock. The speciment provides clear evidence of banding and 
metamorphic grade variation associated with banding, and possibly show Emo Metamorphics being 
sheared at amphibolite and greenschist conditions. 
7601 
The rock is a well foliated amphibolite. The pale brown amphiboles (60-70%, 0.4 mm) and altered 
plagioclase patches, and fresh plagioclase (An60, 1 mm, 40%) define the metamorphic foliation in 
the rock. Secondary minerals include calcite and chlorite. 
7950 
The pale brown amphiboles are crudely foliated (65%, I mm), altered plagioclase and fresh 
plagioclase are present (An52, 30%, 0.5 mm). Opaques (5%) and secondary chlorite suggest 
greenschist overprints. Trace relict cpx. 
7. GREENSCHIST SAMPLES 
Ll 
The rock is a fine grained greenschist with relict igneous clinopyroxene (2%, -2mm) altering to 
chlorite and amphibole. Fine grain actinolite make up to 60%, pyrite and other opaques ( 10%), albite 
(10%), chlorite (10%) and quartz (8%). Fractures filled by late carbonate veins and pyrite. 
L2 
Epidote veins in the rock (-10%, lmm across), blue green amphibole 60%, albite (10%, lmm), quartz 
(10%, 0.6 mm); minor relict igneous clinopyroxene (0.1 mm), opaques and pyrite (5%, 0.2 mm), and 
chlorite (-5%), amphiboles are foliated. Presence of epidote suggest epidote amphibolite facies 
conditions. 
L3 
Green and blue green hornblende (60%, 1 mm cross); saussaritised plagioclase? Albite, and albite? 
Porphyroblasts (20%, 1.2 mm), opaques (pyrite) 15% up to 0.2 mm; trace relict clinopyroxene (2%, 
0.2 mm); quartz (~0.5 mm, 3%). Amphibole and albite? porphyroblasts define metamorphic 
foliation. The rock is interpreted as a greenschist to amphibolite facies rock. 
L4 
The amphibolite facies rock is defined by pale brown hornblende (~ lmm, 50% across), plagioclase 
(andesine, 45%, lmm across), quartz is still present (2%, 0.5 mm), opaques (1%), relict coarse cpx 
(~2%, 1 mm across). Amphiboles define the metamorphic foliation, and are fine grained in intensely 
deformed layers. Quarts in pressure shadow areas, and in places define metamorphic foliation, but not 
clearly as amphibole. 
7434 
The rock consist of up to 50% actinolite (~0.7 mm), 39% chlorite (0.3 mm), 10% albite, and 10% 
clinopyroxene. The amphiboles and chlorite define the metamorphic foliation in the rock. The rock 
is interpreted as a greenschist facies metabasite and represent Emo Metamorphics which occur further 
away from the ophiolite contact. 
APPENDIX 2. Multiple mineral analysis data for each sample. Averages for these and single 
analyses are tabulated in Chapter 4. 
I. Multiple am phi bole analyses in hornblende gabbro 
Analyses I 2 3 4 5 6 7 8 9 10 
Samo le LC7 LC7 LC7 LC7 LC7 TLa97 la TLa97 la TLa97 la TLa97 la TLa97 I a 
Si02 41.92 41.70 41.43 40.04 41.75 47.42 45.63 46.48 44.20 46.48 
Ti02 3.66 3.74 3.89 4.15 3.59 1.51 1.78 1.64 2.72 1.64 
Al203 12.87 12.29 13.12 12.71 12.96 9.28 11.13 11.21 11.66 11.21 
Cr203 0.37 0.36 0.33 0.25 0.41 0.90 1.06 0.83 1.23 0.83 
FeO 9.63 10.21 10.07 12.41 9.72 6.90 6.78 6.75 7.11 6.75 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 14.17 14.44 13.93 13.97 14.25 17.52 16.74 16.74 16.03 16.74 
Cao 12.28 12.13 12.22 11.69 12.17 13.09 13.14 13.30 12.77 13.30 
Na20 3.00 3.01 2.91 2.78 3.06 1.37 1.73 1.04 2.22 1.04 
K20 0.11 0.11 0.11 0.00 0.08 0.00 0.00 0.00 0.05 0.00 
Total 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Oxygens 23 23 23 23 23 23 23 23 23 23 
Si 6.085 6.075 6.027 5.892 6.065 6.722 6.491 6.578 6.325 6.578 
AIIV 1.915 1.925 1.973 2.108 1.935 1.278 1.509 1.422 1.675 1.422 
Tsite 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
AIVI 0.287 0.186 0.277 0.097 0.284 0.272 0.357 0.448 0.292 0.448 
Ti 0.400 0.410 0.426 0.459 0.392 0.161 0.190 0.175 0.293 0.175 
Cr 0.042 0.041 O.Q38 0.029 0.047 0.101 0.119 0.093 0.139 0.093 
Fe3+ 0.175 0.186 0.183 0.229 0.177 0.122 0.121 0.120 0.127 0.120 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 3.066 3.136 3.021 3.065 3.086 3.702 3.550 3.532 3.420 3.532 
Fe2+ 0.994 1.040 1.041 1.121 1.004 0.641 0.662 0.633 0.723 0.633 
Ca at 0.036 0.014 0.01 I 0.005 
M3 
Ml,M2, 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
M3 
Fe2+ 0.017 0.177 0.054 0.024 0.046 0.046 
Ca 1.874 1.893 1.891 1.823 1.883 1.946 1.976 1.954 1.953 1.954 
Na 0.126 0.090 0.109 0.000 0.117 0.000 0.000 0.000 0.047 0.000 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0.020 0.042 0.027 0.063 0.063 
Na 0.718 0.761 0.712 0.793 0.745 0.377 0.477 0.285 0.569 0.285 
K 0.020 0.020 0.020 0.000 0.015 0.000 0.000 0.000 0.009 0.000 
A site 0.738 0.781 0.732 0.814 0.760 0.419 0.504 0.349 0.578 0.349 
SUM 15.738 15.781 15.732 15.814 15.760 15.419 15.504 15.349 15.578 15.349 
Mg#• 75.5 75. I 74.4 73.2 75.5 85.2 84.3 84.8 82.5 84.8 
Mg#b 72.6 72.8 71.8 70.5 73.0 83.5 82.6 83.1 80.7 83. I 
AlIV 1.915 1.925 1.973 2.108 1.935 1.278 1.509 1.422 1.675 1.422 
AIVI 0.287 0.186 0.277 0.097 0.284 0.272 0.357 0.448 0.292 0.448 
TiinM 0.400 0.410 0.426 0.459 0.392 0.161 0.190 0.175 0.293 0. 175 
site 
Nain 0.126 0.090 0.109 0.000 0.117 0.000 0.000 0.000 0.047 0.000 
M4 site 
Na+ K 0.738 0.781 0.732 0.793 0.760 0.377 0.477 0.285 0.578 0.285 
in A site 
11 12 13 
TLa971a TLa971b TLa97lb 
44.20 44.68 44.44 
2.72 1.42 1.64 
11.66 12.07 12.03 
1.23 0.71 0.51 
7.11 6.43 6.88 
0.00 0.00 0.00 
16.03 17.66 16.97 
12.77 12.84 13.26 
2.22 2.19 2.26 
0.05 0.00 0.00 
98.00 98.00 98.00 
23 23 23 
6.325 6.356 6.345 
1.675 1.644 1.655 
8.000 8.000 8.000 
0.292 0.381 0.369 
0.293 0.152 0.176 
0.139 0.080 0.058 
0.127 0.115 0.123 
0.000 0.000 0.000 
3.420 3.745 3.612 
0.723 0.527 0.663 
0.005 
5.000 5.000 5.000 
0.123 0.036 
1.953 1.877 1.964 
0.047 0.000 0.000 
2.000 2.000 2.000 
0.080 0.064 
0.569 0.604 0.626 
0.009 0.000 0.000 
0.578 0.684 0.690 
15.578 15.684 15.690 
82.5 87.7 84.5 
80.7 86.0 82.8 
1.675 1.644 1.655 
0.292 0.381 0.369 
0.293 0. 152 0.176 
0.047 0.000 0.000 










































Ti in M site 
Na in M4 site 
Na+ K in A site 
14 15 16 17 18 19 20 21 22 23 24 
TLa971 b TLa971 b TLa971d TLa971d TLa971e TLa971e TLa971e TLa971e TLa971e TLa971e TLa971e 

























































































0.074 0.086 0.021 0.167 0.440 
I. 926 I. 914 1.979 1.828 1.560 
0.000 0.000 0.000 0.005 0.000 
2.000 2.000 2.000 2.000 2.000 
0.101 0.017 0.065 0.251 
0.577 0.571 0.645 0.618 0.509 
0.000 0.000 0.026 0.000 0.000 
0.679 0.589 0.736 0.618 0.760 
15.679 15.589 15.736 15.618 15.760 
82.9 83.0 79.0 93.2 77.4 
80.9 81.1 76.9 92.0 74.3 
1.874 1.795 I. 948 1.488 1.995 
0.320 0.458 0.316 0.796 0.332 
0.262 0.244 0.298 0.000 0.183 
0.000 0.000 0.000 0.005 0.000 


























































































































































































































(amphibole analyses continue) 
Sample 25 26 27 28 29 30 31 32 33 34 35 36 
Source TLa971e TLa971e TLa971e TLa971e TLa971e TLa971f TLa971f TLa971f TLa971f TLa971f TLa971f TLa971f 
Si02 42.08 42.10 42.48 42.77 45.51 42.50 42.80 41.74 41.84 41.34 41.82 41.67 
Ti02 2.73 2.66 2.55 2.15 0.14 3.55 3.22 1.69 3.94 4.02 2.97 3.57 
Al203 13.01 13.52 13.01 13.00 12.79 13.19 13.52 15.53 13.57 13.78 13.69 13.55 
Cr203 0.55 0.68 0.64 0.37 0.00 0.48 0.50 0.12 0.27 0.13 0.08 0.18 
FeO 8.40 8.30 8.10 8.38 7.16 8.91 8.15 8.72 9.49 10.08 9.95 10.28 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.13 0.00 
MgO 15.41 15.05 15.49 15.55 16.81 14.53 14.74 14.69 13.80 13.71 14.13 13.96 
Cao 13.26 13.08 13.17 13.26 13.61 12.09 12.30 12.65 12.17 12.02 12.22 11.88 
Na20 2.49 2.47 2.45 2.45 1.99 2.71 2.69 2.87 2.82 2.77 2.90 2.82 
K20 0.07 0.13 0.09 0.08 0.00 0.05 0.09 0.00 0.09 0.06 0.12 0.09 
Total 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 98.00 
Si 6.083 6.079 6.126 6.166 6.468 6.128 6.149 6.012 6.058 6.002 6.068 6.049 
AIIV 1.917 1.921 1.874 1.834 1.532 1.872 1.851 1.988 1.942 1.998 1.932 1.951 
Tsile 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 
Al VI 0.300 0.379 0.338 0.375 0.610 0.370 0.439 0.648 0.374 0.360 0.410 0.367 
Ti 0.297 0.289 0.277 0.233 0.015 0.385 0.348 0.183 0.429 0.439 0.324 0.390 
Cr 0.063 O.D78 0.073 0.042 0.000 0.055 0.057 0.014 0.031 0.015 0.009 0.021 
Fe3+ 0.152 0.150 0.146 0.151 0.127 0.161 0.147 0.157 0.172 0.183 0.181 0.187 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.016 0.000 
Mg 3.321 3.239 3.331 3.342 3.561 3.123 3.157 3.154 2.979 2.968 3.057 3.021 
Fe2+ 0.863 0.852 0.831 0.857 0.687 0.906 0.832 0.844 0.977 1.025 1.004 1.015 
Ca at M3 0.005 0.013 0.005 0.020 0.039 
Ml,M2,M3 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000 
Fe2+ 0.002 0.037 0.007 0.049 0.015 0.023 0.046 
Ca 2.000 2.000 2.000 1.998 1.963 1.868 1.873 I. 951 1.849 1.870 1.900 1.848 
Na 0.000 0.000 0.125 0.127 0.000 0.151 0.115 0.077 0.107 
M4site 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 0.049 0.011 0.031 0.050 0.108 0.001 
Na 0.698 0.691 0.685 0.685 0.549 0.632 0.623 0.801 0.641 0.665 0.739 0.687 
K 0.013 0.024 0.017 0.015 0.000 0.009 0.016 0.000 0.017 0.011 0.022 0.017 
A site 0. 760 0.726 0. 733 0.750 0.657 0.642 0.639 0.802 0.658 0.676 0. 761 0. 704 
SUM 15.760 15.726 15.733 15.750 15.657 15.642 15.639 15.802 15.658 15.676 15.761 15.704 
Mg#" 79.4 79.2 80.0 79.6 83.8 77.5 79. l 78.9 75.3 74.3 75.3 74.9 
Mg#" 77.3 76.9 78.0 77.6 82.1 75.3 76.7 76.7 72.3 72.0 73.0 72.4 
AIIV 1.917 1.921 1.874 1.834 1.532 1.872 1.851 1.988 1.942 1.998 1.932 1.951 
AIVI 0.300 0.379 0.338 0.375 0.610 0.370 0.439 0.648 0.374 0.360 0.410 0.367 
Ti in M site 0.297 0.289 0.277 0.233 0.015 0.385 0.348 0.183 0.429 0.439 0.324 0.390 
Na in M4 site 0.000 0.000 0.125 0.127 0.000 0.151 0.115 0.077 0.107 
Na + K in A site 0.711 0.715 0.702 0.700 0.549 0.642 0.639 0.801 0.658 0.676 0.761 0.704 
III 
(amphiboles continued) 
Sample 37 38 39 40 41 42 
Source TLa971f TLa97lf TLa971f TLa971 TLa971 TLa971 
Si02 42.46 41.50 42.08 41.71 42.11 41.43 
Ti02 3.59 3.65 3.12 3.64 3.61 3.90 
Al203 12.93 13.12 13.57 13.25 12.47 12.84 
Cr203 0.30 0.22 0.31 0.48 0.51 0.44 
FeO 9.00 10.69 9.39 9.15 9.44 9.97 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 14.63 14.37 14.73 14.43 14.36 13.91 
Cao 12.22 11.72 12.10 12.44 12.41 12.46 
Na20 2.78 2.64 2.70 2.80 2.98 2.96 
K20 0.10 0.09 0.00 0.10 0.10 0.09 
Total 98.00 98.00 98.00 98.00 98.00 98.00 
Si 6.131 6.035 6.080 6.044 6.112 6.034 
AlIV 1.869 1.965 1.920 1.956 1.888 1.966 
Tsite 8.000 8.000 8.000 8.000 8.000 8.000 
Al VI 0.332 0.284 0.391 0.308 0.246 0.237 
Ti 0.390 0.399 0.339 0.396 0.394 0.427 
Cr 0.034 0.025 0.035 0.055 0.059 0.051 
Fe3+ 0.163 0.195 0.170 0.166 0.171 0.182 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 
Mg 3.149 3.116 3.173 3.117 3.108 3.021 
Fe2+ 0.924 0.981 0.892 0.942 0.974 1.033 
Ca at M3 o.po9 0.016 0.048 0.049 
Ml,M2,M3 5.000 5.000 5.000 5.000 5.000 5.000 
Fe2+ 0.124 0.072 
Ca l.882 1.826 1.873 l.915 1.883 1.894 
Na 0.118 0.050 0.055 0.085 0.117 0.106 
M4 site 2.000 2.000 2.000 2.000 2.000 2.000 
Ca 
Na 0.660 0.695 0.701 0.701 0.721 0.731 
K O.G18 0.017 0.000 0.019 0.019 0.017 
A site 0.678 0. 711 0.701 0.720 0.740 0.748 
SUM 15.679 15.711 15.701 15.720 15.740 15.748 
Mg#" 77.3 76.1 78.0 76.8 76.l 74.5 
Mg#" 75.0 73.5 75.8 74.3 73.l 71.4 
AIIV 1.869 l.965 1.920 1.956 1.888 1.966 
AlVl 0.332 0.284 0.391 0.308 0.246 0.237 
Ti in M site 0.390 0.399 0.339 0.396 0.394 0.427 
Na in M4 site 0.118 0.050 0.055 0.085 0.117 0.106 
Na+ K in A site 0.678 0.711 0.701 0.720 0.740 0.748 
IV 
2. Multiple clinopyroxene analyses in hornblende gabbro 
Analysis 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 18 19 
Sample TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa 
97la 971a 971a 971a 971a 97la 971a 971a 971a 971a 971a 97lb 97lb 97lb 97lb 97lb 971b 971b 
Si02 51.46 51.48 51.29 51.28 51.06 50.79 53.29 50.79 51.52 52 51.11 49.84 51.48 50.58 51.75 51.52 52.03 52.02 
Ti02 0.59 0.66 0.63 0.8 0.7 0.87 0.16 0.81 0.64 0.49 0.74 0.84 0.45 0.69 0.7 0.58 0.52 0.58 
Al203 2.95 3.05 3.2 3.34 3.12 3.6 1.02 3.57 3.06 2.51 3.34 4.38 2.84 4.07 3.38 3.46 3.24 3.38 
Cr203 0.43 0.6 0.61 0.34 0.55 0.59 0.11 0.69 0.55 0.39 0.66 0.59 0.33 0.53 0.41 0.39 0.61 0.52 
FeO 4.94 4.59 5.22 4.83 5.18 4.82 3.74 5.17 5.84 4.67 4.47 5.76 4.33 4.96 4.32 4.52 4.39 5.2 
MnO 0 0 0 0 0 0 0 0 0 0 0.09 0 0 0 0 0 0 0 
MgO 15.42 14.88 14.87 15.54 15.45 14.71 16.66 15 16.4 15.79 15.28 15.48 16.3 15.44 15.49 15.54 15.43 15.7 
Cao 24.22 24.76 24.18 23.86 23.77 24.45 25.01 23.98 21.79 24.15 24.3 22.91 24.26 23.75 23.94 24.01 23.77 22.59 
Na20 0 0 0 0 0.17 0.18 0 0 0.19 0 0 0.2 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 99.99 JOO 100.01100.01 100 100 99.99 100 100 100 99.99 100.01 99.99 100 100 99.99 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.899 1.9 1.896 1.889 1.887 1.878 1.955 1.878 1.897 1.915 1.885 1.846 1.895 1.866 1.901 1.895 1.91 1.909 
Al 0.128 0.132 0.139 0.145 0.136 0.157 0.044 0.156 0.133 0.109 0.145 0.191 0.123 0.177 0.146 0.15 0.14 0.146 
Fe2+ 0.152 0.142 0.161 0.149 0.16 0.149 0.115 0.16 0.18 0.144 0.138 0.178 0.133 0.149 0.133 0.139 0.135 0.16 
Mg 0.848 0.819 0.819 0.854 0.851 0.811 0.911 0.826 0.901 0.867 0.84 0.854 0.895 0.849 0.848 0.852 0.844 0.859 
Ca 0.958 0.979 0.957 0.942 0.941 0.969 0.983 0.95 0.86 0.953 0.961 0.909 0.957 0.939 0.942 0.946 0.935 0.888 
Na 0 0 0 0 0.013 0.013 0 0 0.013 0 0 0.014 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.016 0.018 0.017 0.022 0.019 0.024 0.005 0.022 0.018 0.014 0.021 0.023 0.012 0.019 0.019 0.016 0.014 0.016 
Mn 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0.005 0 0 0 0 
Cr 0.013 0.017 0.018 0.01 0.016 0.017 0.003 0.02 0.016 0.011 0.019 0.017 0.01 0.015 0.012 0.011 0.018 0.015 
Total 4.014 4.007 4.008 4.011 4.024 4.017 4.016 4.012 4.017 4.012 4.012 4.034 4.026 4.019 4.001 4.009 3.997 3.994 
Mg# 84.8 85.3 83.6 85.2 84.2 84.5 88.8 83.8 83.4 85.8 85.9 82.7 87 85.1 86.5 86 86.2 84.3 
En 43.3 42.2 42.3 43.9 43.6 42 45.4 42.7 46.4 44.1 43.3 44 45.1 43.8 44.1 44 44.1 45.1 
Fs 7.8 7.3 8.3 7.7 8.2 7.7 5.7 8.2 9.3 7.3 7.1 9.2 6.7 7.7 6.9 7.2 7 8.4 
Wo 48.9 50.5 49.4 48.4 48.2 50.2 48.9 49.1 44.3 48.5 49.5 46.8 48.2 48.5 49 48.8 48.8 46.6 
(clinopyroxene continued) 
Analysis 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
Sample TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa 
971b 97lb 971b 97lb 971b 971b 97lb 971b 97lb 97lb 971d 97ld 971d 971d 97ld 97ld 
Si02 52.3 51.88 51.7 51.94 52.07 51.74 52.06 52.03 51.89 53.97 50.64 50.43 50.58 49.74 51.25 49.65 
Ti02 0.39 0.48 0.82 0.74 0.56 0.7 0.67 0.52 0.74 0.16 0.86 0.76 0.78 0.88 0.53 0.92 
Al203 3.06 3.29 3.43 3.36 3.29 3.71 3.29 3.06 3.48 1.16 3.51 3.74 3.58 4.28 2.98 4.49 
Cr203 0.62 0.55 0.62 0.54 0.62 0.6 0.67 0.61 0.51 0.08 0.66 0.53 0.53 0.53 0.36 0.51 
FeO 5.11 5.29 6.12 4.92 4.39 4.24 5.13 4.84 5.08 3.88 5.79 6.49 5.90 6.75 5.75 5.95 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MgO 15.22 15.53 16.83 15.38 15.42 15.78 15.6 15.53 15.41 16.72 14.59 15.09 14.65 14.81 15.26 14.49 
Cao 23.3 22.98 20.48 23.11 23.67 23.24 22.59 23.41 22.89 24.02 23.97 22.97 23.97 23 23.87 23.99 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 99.99 100.01 100 100.02 100 100 99.99 100 99.99 100.01 100 100 100 100.01 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.922 1.908 1.896 1.907 1.91 1.896 1.911 1.912 1.905 1.972 1.878 1.871 1.876 1.849 1.896 1.845 
Al 0.133 0.142 0.148 0.145 0.142 0.16 0.142 0.133 0.15 0.05 0.153 0.163 0.156 0.187 0.13 0.197 
Fe2+ 0.157 0.163 0.188 0.151 0.135 0.13 0.157 0.149 0.156 0.119 0.179 0.201 0.18 0.21 0.178 0.185 
Mg 0.834 0.851 0.92 0.842 0.843 0.862 0.853 0.851 0.844 0.911 0.806 0.834 0.81 0.821 0.842 0.802 
Ca 0.918 0.905 0.805 0.909 0.93 0.912 0.888 0.922 0.9 0.94 0.952 0.913 0.953 0.916 0.947 0.955 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.011 0.013 0.023 0.021 0.015 0.019 0.018 0.014 0.02 0.004 0.024 0.021 0.022 0.025 O.D15 0.026 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0 
Cr 0.018 0.016 O.Dl 8 0.016 0.018 0.017 0.019 0.018 0.015 0.002 0.019 0.016 0.016 0.016 0.011 0.015 
Total 3.992 3.999 3.998 3.992 3.994 3.996 3.99 3.998 3.991 3.998 4.012 4019 4.016 4.024 4.018 4.024 
Mg# 84.1 84 83.1 84.8 86.2 86.9 84.4 85.l 84.4 88.5 81.8 80.6 81.8 79.6 82.5 81.3 
En 43.7 44.4 48.1 44.3 44.2 45.3 44.9 44.3 44.4 46.2 41.6 42.8 41.7 42.2 42.8 41.3 
Fs 8.2 8.5 9.8 7.9 7.1 6.8 8.3 7.7 8.2 6 9.3 10.3 9.3 10.8 9.1 9.5 
Wo 48.1 47.2 42.1 47.8 48.8 47.9 46.8 48 47.4 47.7 49.1 46.9 49 47 48.1 49.2 
v 
(clinopyroxene continued) 
Analysis 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 
Sample TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa La971 La971 La971 La971 La971 
97ld 97ld 97ld 97ld 97ld 971f 971f 971f 971f 971f 971f 971f 97lf Al A2 A3 A5 A6 
Si02 50.09 49.88 50.17 48.92 49.18 50.96 51.52 51.12 50.42 51.17 51.27 50.91 51.66 49.93 49.75 48.44 49.68 50.11 
Ti02 0.84 0.9 0.8 1.08 1.07 0.98 0.77 0.9 1.05 0.75 0.81 0.9 0.87 0.79 1.02 0.8 1.09 0.91 
Al203 4.32 4.17 3.81 4.91 4.9 3.98 3.31 3.72 4.34 3.46 3.53 3.8 3.46 3.28 3.67 3.4 3.98 3.46 
Cr203 0.46 0.57 0.32 0.33 0.45 0.26 0.17 0.15 0.1 0 0.22 0.19 0.18 0.17 0.24 0.28 0.17 0.19 
FeO 6.75 5.01 5.86 6.57 5.82 7.15 6.75 7.03 7.05 7.39 6.26 7.06 6.13 6.38 7.24 6.24 6.43 6.71 
MnO 0 0 0 0 0 0 0 0 0 0 0 0.09 0 0 0 0 0 0 
MgO 15.82 14.7 15.31 14.43 14.52 15.25 15.39 14.69 14.38 15.27 14.95 14.89 14.89 14.4 14.73 13.79 14.33 14.55 
Cao 21.72 24.74 23.72 23.77 23.99 21.42 22.1 22.38 22.66 21.96 22.96 22.15 22.82 23.06 21.79 22.67 23.28 23.04 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0.06 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 99.99 100 100 100 100 100.01 100 100 100 100 100 100 98.02 98.44 95.62 98.98 98.97 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.854 1.85 1.86 1.823 1.828 1.883 1.902 1.892 1.869 1.895 1.894 1.885 1.905 1.884 1.87 1.875 1.857 1.873 
Al 0.188 0.182 0.167 0.216 0.215 0.173 0.144 0.162 0.19 0.151 0.154 0.166 0.15 0.146 0.163 0.155 0.175 0.152 
Fe2+ 0.209 0.155 0.182 0.205 0.181 0.221 0.206 0.215 0.214 0.229 0.194 0.219 0.189 0.201 0.228 0.212 0.201 0.210 
Mg 0.873 0.813 0.847 0.802 0.805 0.84 0.847 0.811 0.795 0.843 0.823 0.822 0.818 0.81 0.826 0.796 0.799 0.811 
Ca 0.861 0.983 0. 943 0. 949 0. 955 0.848 0.874 0.887 0.9 0.871 0.909 0.879 0.901 0.932 0.878 0.94 0.932 0.923 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0.003 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.023 0.025 0.022 0.03 0.03 0.027 0.021 0.025 0.029 0.021 0.023 0.025 0.024 0.022 0.029 0.023 0.031 0.026 
Mn 0 0 0 0 0 0 0.003 0.003 0.004 0 0 0.003 0 0 0 0 0 0 
Cr 0.014 0.017 0.009 0.01 0.013 0.007 0.005 0.004 0.003 0 0.007 0.006 0.005 0.005 0.007 0.009 0.005 0.006 
Total 4.022 4.025 4.029 4.034 4.03 4 4.002 4 4.005 4.009 4.003 4.004 3.993 4 4.001 4 4 4.001 
Mg# 80.7 83.9 82.3 79.7 81.6 79.2 80.5 79 78.8 78.6 81 79 81.2 80.1 78.4 79.7 79.9 79.4 
En 44.9 41.7 43 41 41.5 44 44 42 42 43 43 43 43 44.8 46.1 44.44 45.1 45.2 
Fs 10.8 8 9.2 10.5 9.3 12 II II II 12 10 II 10 9.1 10.9 9.1 8.9 9.2 
Wo 44.3 50.4 47.8 48.5 49.2 44 45 46 47 45 47 46 47 46.2 43 46.6 46.1 45.6 
3. Multiple orthopyroxene analyses in hornblende gabbro 
Analyses I 2 3 4 5 6 7 8 9 JO 11 12 13 14 15 16 17 
Sample La971 La971 La971 La971 La971 TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa 
Al A2 A3 AS A6 97la 971a 97la 97la 97lb 97lb 97lb 97lb 971b 97lb 97lf 971f 
Si02 53.62 53.13 54.44 54 52.93 55.16 55.66 55.59 54.94 55.11 54.12 54.74 55.32 54.6 55.31 57.25 54.38 
Ti02 0.2 0.25 0.11 0.16 0.34 0.12 0.15 0.13 0.21 0.17 0.13 0.19 0.14 0.2 0.17 0 0.08 
Al203 1.5 2.17 1.31 128 1.96 1.36 1.38 1.44 1.68 2.53 2.97 2.11 1.47 2.56 1.94 0.18 1.66 
Cr203 0.14 0.13 0 0 0 0.21 0.45 0.64 0.2 0.13 0.17 0.42 0.19 0.31 0.29 0 0 
FeO 15.31 15.18 15.06 15.22 15.25 12.13 12 12.23 12.14 9.85 12.45 11.64 12.25 11.83 11.61 8.79 14.91 
MnO 0.25 0.2 0.26 0.21 0.33 0.14 0.08 0.15 0.17 0.08 0.22 0.21 0.14 0.2 0.16 0 0.34 
MgO 27.36 27.19 27.43 27.71 26.9 29.56 29.68 29.24 29.75 29.02 29.57 29.88 29.97 29.23 29.57 33.4 28.13 
cao 0.81 1.01 1.43 0.59 1.07 1.33 0.61 0.56 0.9 2.92 0.36 0.81 0.51 1.05 0.95 0.37 0.49 
Na20 0 0 0 0 0 0 0 0 0 0.17 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 99.19 99.26 100.04 99.17 98.78 100 100.01 99.98 99.99 100 100 100 99.99 100 100 100 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.936 1.924 1.956 1.955 1.929 1.96 1.97 1.971 1.95 1.945 1.922 1.94 1.961 1.936 1.957 1.993 1.953 
Al 0.074 0.093 0.055 0.055 0.084 0.057 0.058 0.06 0.07 0.105 0.124 0.088 0.061 0.107 0.081 0.007 0.07 
Fe2+ 0.461 0.460 0.453 0.461 0.465 0.36 0.355 0.363 0.36 0.291 0.37 0.345 0.363 0.351 0.343 0.256 0.448 
Mg 1.495 1.468 1.47 1.496 1.461 1.565 1566 1.545 1.574 1.527 1.565 1.579 1.584 1.546 1.56 1.733 1.506 
Ca 0.024 0.039 0.055 0.023 0.042 0.05 0.023 0.021 0.034 0.11 0.014 0.031 0.019 0.04 0.036 0.014 0.019 
Na 0 0 0 0 0 0 0 0 0 0.012 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.004 0.007 0.003 0.004 0.009 0.003 0.004 0.003 0.006 0.005 0.004 0.005 0.004 0.005 0.005 0 0.002 
Mn 0.006 0.006 0.008 0.006 0.01 0.004 0.002 0.004 0.005 0.002 0.007 0.006 0.004 0.006 0.005 0 0.01 
Cr 0 0.004 0 0 0 0.006 0.013 0.018 0.006 0.004 0.005 0.012 0.005 0.009 0.008 0 0 
Total 4 4.001 4 4 4 4.006 3.991 3.986 4.006 4.002 4.01 4.005 4.002 4 3.994 4.003 4.009 
Mg# 76. I 76. l 76.5 76.5 75.9 81.3 81.5 81 81.4 84 80.9 82.1 81.4 81.5 82 87.1 77.1 
En 77.3 76.2 75.3 76.6 75.7 79 81 80 80 79 80 81 81 80 80 87 76 
Fs 21.4 21.7 21.9 22.2 22 18 18 19 18 15 19 18 18 18 18 13 23 
Wo 1.3 2.1 2.9 1.2 2.2 3 I I 2 6 I 2 I 2 2 I I 
VI 
4. Multiple olivine analyses in hornblende gabbro 
Analyses 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
Olivine 7560 La La La La La LC7 LC7 TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa TLa 
971Al 971A2 971A3 971A5 971A6 97la 97la 97la 97la 97la 971a 971a 971a 971b 97lb 97lb 
Si02 38.5 38.02 38.06 37.63 38.04 37.95 38.02 37.53 38.72 39.25 39.25 38.8 39.26 39.39 39.67 39.62 38.65 38.65 38.45 
FeO 22.16 24.49 24.44 24.86 24.48 24.47 24.09 25.4 19.91 19.01 19.01 20.16 17.71 17.52 17.72 17.32 18.17 18.17 19.2 
MnO 0.39 0.26 0.21 0.26 0.33 0.18 0.2 0.24 0.12 0.15 0.15 0.14 0.11 0.11 0 0.1 0.18 0.18 0.12 
MgO 38.93 37.82 38.27 37.58 37.69 37.8 37.59 36.76 41.24 41.59 41.59 40.91 42.92 42.91 42.62 42.86 42.72 42.72 42.23 
Cao 0 0.06 0.1 0 0.13 0 0.11 0.07 0 0 0 0 0 0.06 0 0.07 0.06 0.06 0 
Total 99.98 100.65 101.16 100.33 100.67 100.4 100 100 99.99 99.99 99.99 100 100 100 100.01 99.98 99.79 99.79 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 1.001 0.993 0.989 0.988 0.993 0.993 0.997 0.992 0.995 1.003 1.003 0.998 0.998 1 1.006 1.004 0.987 0.987 0.986 
Fe2 0.482 0.535 0.531 0.546 0.535 0.535 0.528 0.561 0.428 0.406 0.406 0.434 0.376 0.372 0.376 0.367 0.388 0.388 0.412 
Mg 1.508 1.472 1.483 1.471 1.467 1.475 1.47 1.448 1.58 1.584 1.584 1.568 1.626 1.624 1.612 1.62 1.627 1.627 1.614 
Ca 0 0.002 0.003 0 0.004 0 0.003 0.002 0 0 0 0 0 0.002 0 0.002 0.002 0.002 0 
Mn 0.009 0.006 0.005 0.006 0.007 0.004 0.004 0.005 0.003 0.003 0.003 0.003 0.002 0.002 0 0.002 0.004 0.004 0.003 
SUM 2.999 3.008 3.011 3.011 3.006 3.007 3.003 3.008 3.005 2.997 2.997 3.002 3.002 3 2.994 2.996 3.018 3.018 3.014 
Mg# 76 73.4 73.6 72.9 73.3 73.4 73.6 72.1 78.7 79.6 79.6 78.3 81.2 81.4 81.1 81.5 80.7 80.7 79.7 
(Olivine analvses) 
Analyses 20 21 22 23 24 25 27 28 29 30 31 32 33 34 35 36 37 38 
Sample TLa97 TLa97 TLa971 TLa971 TLa971 TLa97TLa971 TLa971 TLa97lc TLa971 TLa97ld TLa971 TLa971 TLa971 TLa971 TLa971 TLa971dTLa97Jc 
Si02 38.85 39.52 39.51 39.55 39.33 39.5 38.23 38.76 38.51 38.36 38.62 38.38 38.42 38.42 38.33 38.36 38.2 38.2 
FeO 18.37 18.05 18.15 18.06 18.96 18.38 20.64 20.01 20.3 20.24 19.26 20.68 21.07 21.07 21.15 20.89 21.26 21.26 
MnO 0.12 0.09 0.13 0.14 0.18 0 0.21 0.17 0.23 0.21 0.16 0.12 0.12 0.12 0.16 0.2 0.2 0.2 
MgO 42.41 42.34 42.16 42.25 41.42 42.07 40.79 41.01 40.77 41.11 41.81 40.81 40.38 40.38 40.31 40.47 40.16 40.16 
Cao 0.05 0 0.06 0 0.12 0.06 0.05 0.05 0.06 0.09 0 0 0 0 0.05 O.D7 0.05 0.05 
Total 99.99 100 100.01 100 100.01 100 100.01 100 99.99 100.01 99.99 100 100 100 100 99.99 JOO.OJ 100.01 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0. 992 1.005 1.005 1.006 1.005 1.005 0.987 0.997 0.993 0.989 0.99 0.991 0.993 0.993 0.991 0.991 0.989 0.989 
Fe2 0.392 0.384 0.386 0.384 0.405 0.391 0.446 0.43 0.437 0.436 0.413 0.446 0.456 0.456 0.458 0.452 0.461 0.461 
Mg 1.614 1.605 1.599 1.601 1.578 1.596 1.571 1.572 1.567 1.579 1.598 1.57 1.556 1.556 1.554 1.559 1.551 1.551 
Ca 0.001 0 0.002 0 0.003 0.002 0.001 0.001 0.002 0.002 0 0 0 0 0.002 0.002 0.001 0.001 
Mn 0.003 0.002 0.003 0.003 0.004 0 0.004 0.004 0.005 0.005 0.004 0.003 0.003 0.003 0.004 0.004 0.004 0.004 
SUM 3.006 2.995 2.995 2.994 2.995 2.995 3.012 3.003 3.006 3.011 3.008 3.009 3.007 3.007 3.009 3.009 3.009 3.009 
Me# 80.4 80.7 80.5 80.7 79.6 80.3 77.9 78.5 78.2 78.4 79.5 77.9 77.4 77.4 77.3 77.5 77.1 77.J 
(Olivine analyses) 
Analyses 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 
Olivine TLa97l·TLa97l·TLa971·TLa971·TLa971·TLa971·TLa971 TLa975 TLa975 TLa975 TLa975 TLa975 TLa975 TLa975 TLa975 
Si02 38.43 38.49 38.24 38.18 38.2 38.3 38.3 38.38 38.09 37.91 37.83 37.83 38.12 38.23 38.12 
FeO 20.58 20.69 19.61 21.18 21.24 20.92 20.92 22.91 23.89 24.91 24.49 24.49 24.25 23.2 23.3 
MnO 0.2 0.14 0.16 0.18 0.22 0.2 0.2 0.3 0.24 0.25 0.28 0.28 0.29 0.29 0.35 
MgO 40.72 40.68 41.56 40.46 40.34 40.51 40.51 38.39 37.79 36.93 37.35 37.35 37.34 38.2 38.17 
Cao 0.06 0 0 0 0 0.06 0.06 0 0 0 0.06 0.06 0 0.09 0.07 
Total 100 100 99.9 100 100 100 100 99.99 100 100 100.01 100.01 99.99 100 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0.992 0.993 0.984 0.988 0.989 0.99 0.99 1.001 0.998 0.998 0.995 0.995 1 0.999 0.997 
Fe2 0.444 0.446 0.422 0.458 0.46 0.452 0.452 0.5 0.523 0.548 0.539 0.539 0.532 0.507 0.51 
Mg 1.567 1.565 1.594 1.561 1.557 1.561 1.561 1.492 1.476 1.45 1.464 1.464 1.461 1.487 1.488 
Ca 0.002 0 0 0 0 0.002 0.002 0 0 0 0.002 0.002 0 0.003 0.002 
Mn 0.004 0.003 0.004 0.004 0.005 0.005 0.005 0.007 0.005 0.006 0.006 0.006 0.007 0.006 0.008 
SUM 3.008 3.007 3.011 3.012 3.011 3.01 3.01 2.999 3.002 3.002 3.005 3.005 3 3.001 3.003 
Mg# 77.9 77.8 79.1 77.3 77.2 77.5 77.5 74.9 73.8 72.6 73.1 73.l 73.3 74.6 74.5 
VII 
5. Multiple spine! analyses in hornblende gabbro 
Analyses 1 2 3 4 5 6 
Sample TLa TLa TLa TLa TLa TLa 
97ld 971d 971d 971d 97ld 97ld 
Si02 0 0 8.42 0 0 0 
Ti02 0.52 0.35 1.2 0.48 0.1 0.18 
Al203 35.9 37.93 23.45 38.2 55.43 52.96 
Cr203 20.69 18.22 13.63 17.78 5.63 7.41 
Fe203 10.03 11.08 13.75 10.66 6.88 7.92 
FeO 22.99 23.11 23.93 23.9 17.71 17.41 
MnO 0 0.14 0.16 0 0 0.1 
MgO 9.75 8.74 15.03 8.72 13.76 13.46 
Cao 0.11 0.1 0.44 0 0 0 
Na20 0 0.34 0 0.27 0.48 0.55 
K20 0 0 0 0 0 0 
Total 100 100 100 100 100 100 
Oxygens 4 4 4 4 4 4 
Si 0 0 0.25 0 0 0 
Al 1.263 1.329 0.82 1.338 1.761 I. 7 
Fe3 0.225 0.248 0.307 0.239 0.14 0.162 
Fe2 0.574 0.575 0.594 0.594 0.399 0.397 
Mg 0.434 0.387 0.665 0.386 0.553 0.546 
Ca 0.004 0.003 0.014 0 0 0 
Na 0 0.02 0 0.016 0.025 0.029 
K 0 0 0 0 0 0 
Ti 0.012 0.008 0.027 0.011 0.002 0.004 
Mn 0 0.004 0.004 0 0 0.002 
Cr 0.488 0.428 0.32 0.418 0.12 0.16 
Sum 3 3 3 3 3 3 
100Mg/(Mg+Fe2+) 43.1 40.3 52.8 39.4 58.I 57.9 
100Fe3+/(Cr+Al+Fe3+) 11.4 12.4 21.2 12 6.9 8 
Cr/I Cr+ Al) 0.3 0.2 0.3 0.2 0.1 0.1 
6. Multiple ilmenite analyses in hornblende gabbro 
Analyses 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 7 18 19 
Sample La La La971 La971 La971 TLa TLa TLa La971 La971 La971 La971 La971 La971 La971 La971 La971 La971 
971AI 971A2 A3 AS A6 97lf 97lf 97ld 
Ti02 51.36 51.36 50.13 51.9 50.81 52.07 52.93 51.64 51.32 50.22 50.08 50.02 50.27 50.48 50.7 50.8 50.87 51.23 
Cr203 0.2 0.34 0.55 0.36 0.13 0.21 0.2 0.22 0.56 0.18 0.21 0.13 0.33 0.16 0.22 0.34 0.2 0.36 
Fe203 5.27 5.69 4.13 5.1 7.15 2.75 1.6 3.9 4.23 6.4 7.2 7.04 6.56 6.37 5.38 5.63 5.22 5.03 
FeO 40.87 39.96 39.48 39.93 40.16 41.98 41.37 40.1 40.42 40.05 38.16 39.54 39.31 39.4 40.73 39.52 40.48 39.42 
MnO 0.58 0.45 0.51 0.46 0.51 0.57 0.87 1.2 0.52 0.6 0.4 0.5 0.44 0.48 0.52 0.45 0.57 0.45 
MgO 2.56 3.06 2.79 3.42 2.75 2.31 2.94 2.71 2.86 2.45 3.2 2.71 2.97 3.02 2.38 3.03 2.54 3.38 
Cao 0.13 0.25 0.08 0.14 0.07 0.11 0.09 0.23 0.08 0.11 0.67 0.07 0.11 0.09 0.07 0.25 0.13 0.14 
Total 100.97 IOI.I I 101.3 101.58 101.58 100 100 100 99.99 100 100 100 100 100 100 100 100 100.01 
Oxygens 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Fe3+ 0.097 0.105 0.079 0.093 0.131 0.051 0.03 0.073 0.079 0.12 0.134 0.131 0.122 0.119 0.101 0.105 0.097 0.093 
Fe2+ 0.84 0.817 0.836 0.813 0.82 0.872 0.854 0.83 0.836 0.832 0.787 0.82 0.814 0.815 0.847 0.817 0.84 0.813 
Mg 0.094 0.112 0.105 0.124 0.1 0.086 0.108 0.1 0.105 0.091 0.118 0.1 0.11 0.111 0.088 0.112 0.094 0.124 
Ca 0.004 0.007 0.002 0.004 0.002 0.003 0.002 0.006 0.002 0.003 0.018 0.002 0.003 0.002 0.002 0.007 0.004 0.004 
Ti 0.949 0.944 0.955 0.95 0.933 0.972 0.983 0.962 0.955 0.938 0.929 0.933 0.936 0.939 0.947 0.944 0.949 0.95 
Mn 0.012 0.009 0.011 0.009 0.011 0.012 0.018 0.025 0.011 0.013 0.008 0.011 0.009 0.01 0.011 0.009 0.012 0.009 
Cr 0.004 0.006 0.011 0.007 0.002 0.004 0.004 0.004 0.011 0.004 0.004 0.002 0.006 0.003 0.004 0.006 0.004 0.007 
SUM 2.000 2.000 1.999 2.000 1.999 2.000 1.999 2.000 1.999 2.001 2.000 1.999 2.000 1.999 2.000 2.000 2.000 2.000 
Mg# 8.9 11.2 10.8 11.2 9.8 13 10.9 11.9 12 9.4 12 10 13.2 
Geikielite 0.094 0.112 0.106 0.125 0.100 0.109 0.101 0.106 0.091 0.119 0.100 0.110 0.112 0.088 0.112 0.094 0.125 0.110 
Hematite 0.047 0.049 0.038 0.045 0.065 0.014 0.034 0.039 0.059 0.060 0.065 0.060 0.058 0.050 0.050 0.047 0.045 0.043 
Ilmenite 0.847 0.829 0.844 0.821 0.824 0.859 0.841 0.844 0.838 0.813 0.824 0.821 0.820 0.851 0.829 0.846 0.820 0.832 
Pyrophanite 0.012 0.009 0.011 0.010 0.011 0.018 0.025 0.011 0.013 0.008 0.011 0.009 0.010 0.011 0.009 0.012 0.009 0.015 
VIII 
7. Multiple magnetite analyses in hornblende gabbro 
Analyses I 2 3 4 5 6 7 8 9 10 II 12 13 14 
Sample TLa97 l La97 l P TL a TL a TL a TLa TL a TL a TL a TL a TL a TL a TL a TL a 
97ld 97ld 97ld 97ld 97ld 97ld 97ld 97ld 97ld 97ld 97ld 97ld 
Si02 0 0 0 0 0 0 0 0 0 0 2.3 0.08 0 0 
Ti02 3.91 12.24 5.22 7.09 4.82 3.31 5.68 7.22 6.02 6.49 4.13 6.12 6.23 6.26 
Al203 l.85 2.44 6.36 5.6 5.69 19.12 5.36 3.69 4.95 4.47 10.8 4.47 4.77 5.04 
Cr203 2.51 1.2 17.91 16.84 15.55 16.21 14.12 8.86 13.85 13.15 10.7 12.26 13.38 13.84 
Fe203 58.21 42.05 40.05 38.46 42.98 31.55 42.67 45.38 42.83 43.01 39.33 44.14 42.97 42.32 
FeO 34.54 41.89 28.21 29.21 29.47 24.69 30.44 33.07 30.44 30.84 26.42 31 30.67 30.59 
MnO 0.21 0.23 0.35 0.19 0.18 0.24 0.35 0.19 0.3 0.31 0.31 0.24 0.33 0.26 
MgO 0.45 0.5 1.87 2.5 1.33 4.83 1.31 1.31 1.53 1.63 5.78 1.6 1.54 1.63 
Cao 0.12 0.16 0 0.1 0 0.06 0.06 0.3 0.1 0.11 0.06 0.08 0.11 0.07 
Total 101.8 100.71 99.99 99.99 100.01 100.01 99.99 100.01 100.01 100 100.01 99.98 100 100.01 
Oxygens 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Si 
Al 0.081 0.107 0.273 0.240 0.246 0.754 0.232 0.161 0.214 0.194 0.436 0.194 0.207 0.218 
Fe3 1.781 2.475 0.925 0.890 1.037 0.651 1.043 1.178 1.050 1.064 0.917 1.104 1.060 1.035 
Fe2 0.219 1.031 1.048 1.055 0.833 1.072 I.I I I 1.070 1.077 0.853 1.074 1.073 1.073 
Mg 0.025 0.028 0.102 0.136 0.073 0.241 0.071 0.073 0.084 0.089 0.295 0.088 0.085 0.089 
Ca 0.005 0.006 0.000 0.004 0.000 0.002 0.002 0.012 0.004 0.004 0.002 0.003 0.004 0.003 
Ti 0.109 0.342 0.143 0.194 0.133 0.083 0.157 0.201 0.166 0.180 0.106 0.170 0.172 0.173 
Mn 0.007 0.007 0.011 0.006 0.006 0.007 0.011 0.006 0.009 0.010 0.009 0.008 0.010 0.008 
Cr 0.074 0.035 0.516 0.484 0.451 0.429 0.410 0.259 0.403 0.383 0.290 0.357 0.389 0.402 
SUM 2.301 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Chromite 0.037 0.018 0.259 0.243 0.226 0.215 0.206 0.130 0.202 0.192 0.150 0.179 0.196 0.201 
Hercynite 0.016 0.026 0.035 0.000 0.050 0.136 0.045 0.008 0.024 0.008 0.000 0.009 0.019 0.020 
Magnetite 0.813 0.585 0.461 0.443 0.517 0.323 0.520 0.586 0.523 0.530 0.514 0.553 0.527 0.516 
Spine! 0.025 0.028 0.102 0.136 0.073 0.242 0.072 0.073 0.084 0.090 0.305 0.088 0.085 0.089 
Ulvospinel 0.110 0.343 0.144 0.194 0.133 0.084 0.158 0.202 0.167 0.181 0.110 0.170 0.173 0.173 
(Magnetite analyses continued) 
Analyses 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
Sample TLa971TLa971TLa971TLa971TLa971TLa971TLa971TLa971TLa971TLa971TLa97lTLa971TLa971TLa971TLa97 
Si02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti02 7.31 7.08 5.9 5.84 6.09 5.64 5.12 2.38 1.89 2.12 4.35 1.21 2.58 4.49 2.17 
Al203 3.28 3.11 3.22 3.34 5.15 3.35 4.87 18.79 19.35 21.66 11.51 26.51 19.96 6.16 21 
Cr203 5.46 6.68 10.02 10.01 15.63 11.81 15.39 27.5 28.76 25.01 22.44 23.07 25.1 18.1 29.83 
Fe203 48.06 47.46 47.55 47.55 41.27 46.62 43.51 26.35 25.59 24.94 33.19 22.96 25.69 41.53 22.36 
FeO 34.26 34.58 31.81 31.62 29.84 30.78 29.06 19.19 18.95 20.95 25.18 19.72 21.86 27.63 19.16 
MnO 0.28 0.26 0.28 0 37 0.39 0.5 0.61 0.14 0.17 0.17 0.3 0.16 0.15 0.29 0.15 
MgO 1.22 0.74 1.22 1.26 1.63 I.I 1.38 5.6 5.23 5.11 2.94 6.31 4.54 1.71 5.24 
Cao 0.13 0.08 0 0 0 0.18 0.06 0.05 0.06 0.06 0.1 0.05 0.11 0.1 0.09 
Total 100 JOO 100 100 100 99.99 99.99 100 99.99 100.01 100.01 100 100 100.01 100 
Oxygens 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Si 
Al 0.144 0.137 0.141 0.146 0.223 0.147 0.211 0.737 0.760 0.842 0.477 1.000 0.785 0.265 0.817 
Fe3 1.290 1.268 1.234 1.233 0.988 1.190 1.057 0.419 0.389 0.401 0.670 0.358 0.424 0.967 0.296 
Fe2 1.118 1.146 1.089 1.082 l.067 1.074 1.045 0.776 0.780 0.795 0.948 0.722 0.830 1.017 0.789 
Mg 0.068 0.041 0.068 0.070 0.089 0.061 0.076 0.278 0.260 0.251 0.154 0.301 0.226 0.093 0.258 
Ca 0.005 0.003 0.000 0.000 0.000 0.007 0.003 0.002 0.002 0.002 0.004 0.002 0.004 0.004 0.003 
Ti 0.204 0.199 0.165 0.163 0.168 0.158 0.142 0.060 0.047 0.053 0.115 0.029 0.065 0.123 0.054 
Mn 0.009 0.008 0.009 0.012 0.012 0.016 0.019 0.004 0.005 0.005 0.009 0.004 0.004 0.009 0.004 
Cr 0.160 0.198 0.295 0.294 0.453 0.348 0.448 0.724 0.757 0.652 0.624 0.584 0.662 0.522 0.779 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Chromite 0.081 0.099 0.148 0.148 0.228 0.175 0.226 0.363 0.380 0.327 0.313 0.292 0.332 0.262 0.390 
Hercynite 0.004 0.027 0.003 0.003 0.022 0.012 0.030 0 091 0.120 0.170 0.085 0.199 0.167 0.040 0.151 
Magnetite 0.642 0.632 0.616 0.615 0.492 0.592 0.525 0.208 0.192 0.199 0.332 0.178 0.210 0.481 0.146 
Spine! 0.068 0.041 0.068 0.070 0.090 0.062 0.076 0.279 0.260 0.252 0.155 0.302 0.227 0.093 0.259 
Ulvospinel 0.205 0.200 0.166 0.164 0.169 0.159 0.143 0.060 0.047 0.053 0.115 0.029 0.065 0.124 0.054 
IX 
8. Multiple clinopyroxene analyses in Transition Zone rocks 
Analysis I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 
Sample 7557 7557 7557 7557 7557 7558 7558D 7559 Mu976; Mu976; Mu976; Mu976: Mu976: Mu976; Mu976: Mu976: Mu976: Mu976 
Si02 53.77 53.64 53.86 53.36 53.46 52.69 52.92 49.42 54.16 53.43 53.81 54.06 53.18 53.5 52.98 53.05 53.28 53.34 
Ti02 0 0.08 0 0 0 0 0.07 1.12 0.2 0.38 0.08 0 0.28 0.15 0.3 0.23 0.23 0 
Al203 1.92 1.78 1.44 1.94 1.87 2.18 2.26 4.55 1.69 2.98 2.78 2.21 2.74 2.27 3.02 2.66 1.99 2.79 
Cr203 0.79 0.8 0.49 0.77 0.79 0.44 0.62 0.22 0.47 0.65 0.56 0.43 0.68 0.52 0.64 0.57 0.67 0.64 
Fe203 0 0 0 0 0 1.93 1.46 3.87 0 0 0 0 0 0 0 0 0 0 
FeO 2.93 2.38 2.25 2.49 2.2 1.31 1.32 1.89 2.63 3.91 3 3.2 3.11 2.51 3.21 3.33 2.68 3 
MnO 0 0 0 0 0 0.21 0.07 0.16 0 0 0 0 0 0 0 0 0 0 
MgO 18.6 17.33 17.57 17.36 17.16 17.2 16.95 15.3 17.6 18.38 17.17 17.8 16.52 17.04 16.95 17.03 16.7 16.75 
Cao 22.01 23.83 24.41 24.08 24.35 24.06 24.17 23.25 23.08 20.04 22.6 22.29 23.5 23.77 22.72 23.14 24.43 23.28 
Na20 0 0.15 0 0 0.17 0 0.17 0.2 0.17 0.24 0 0 0 0.24 0.18 0 0 0.22 
K20 0 0 0 0 0 0 0 0.02 0 0 0 0 0 0 0 0 0 0 
Total JOO.OJ JOO 100.01 100 JOO 100.01 100 100 99.99 100.01 100 99.99 JOO 100 100 100.01 99.99 100.02 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.948 1.951 1.958 1.942 1.946 1.921 1.821 1.889 1.964 1.933 1.949 1.958 1.936 1.945 1.927 1.932 1.943 1.939 
Al 0.082 0.076 0.062 0.083 0.08 0.093 0.198 0.154 0.072 0.127 0.119 0.094 0.117 0.097 0.13 0.114 0.086 0.12 
Fe3+ 0 0 0 0 0 0.053 0.107 0.035 0 0 0 0 0 0 0 0 0 0 
Fe2+ 0.089 0.072 0.068 0.076 0.067 0.04 0.058 0.188 0.08 0.118 0.091 0.097 0.095 0.076 0.098 0.101 0.082 0.091 
Mg 1.005 0.939 0.952 0.942 0.931 0.935 0.841 0.851 0.951 0.991 0.927 0.961 0.896 0.924 0.919 0.924 0.908 0.908 
Ca 0.854 0.928 0.951 0.939 0.95 0.94 0.918 0.836 0.897 0.777 0.877 0.865 0.916 0.926 0.885 0.903 0.954 0.907 
Na 0 0.011 0 0 0.012 0 0.014 0.012 0.012 0.017 0 0 0 0.017 0.013 0 0 0.016 
K 0 0 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0.002 0 0 0 0 0.031 0.023 0.005 0.01 0.002 0 0.008 0.004 0.008 0.006 0.006 0 
Mn 0 0 0 0 0 0.006 0.005 0.011 0 0 0 0 0 0 0 0 0 0 
Cr 0.023 0.023 0.014 0.022 0.023 0.013 0.006 0 0.014 0.019 0.016 0.012 0.02 0.015 O.Ql8 0.017 0.019 0.018 
SUM 4 4.003 4.004 4.005 4.009 4 4 4 3.994 3.992 3.981 3.988 3.988 4.004 3.997 3.997 3.998 3.999 
Mg# 91.9 92.8 93.3 92.5 93.3 96 94 82 92.3 89.3 91.1 90.8 90.4 92.4 90.4 90.1 91.8 90.9 
En 52 48 48 48 48 49 46 45 49 53 49 50 47 48 48 48 47 48 
Fs 5 4 3 4 3 2 3 10 4 6 5 5 5 4 5 5 4 5 
Wo 44 48 48 48 49 49 51 45 47 41 46 45 48 48 47 47 49 48 
(Clinopyroxene analyses continued) 
Analysis 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
Sample Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 
Si02 53.47 53.26 53.1 53.15 53.63 53.63 53.49 52.91 53.27 52.96 53.12 53.03 52.97 53.23 53.54 53.38 53.11 
Ti02 0 0 0.13 0.09 0 0 0 0 0.07 0.12 0.07 0 0.12 0 0.1 0 0 
Al203 1.91 2 1.66 2.16 1.82 2.01 1.76 2.41 2.02 2.1 1.84 2.19 1.92 2.05 1.81 1.41 2.19 
Cr203 0.63 0.62 0.57 0.57 0.46 0.49 0.64 0.83 0.73 0.86 0.79 0.89 0.79 0.64 0.73 0.47 0.76 
FeO 2.85 2.88 3.8 2.86 2.95 2.86 2.67 2.64 2.9 2.79 2.53 2.85 2.95 2.89 2.42 2.81 2.65 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MgO 16.89 16.76 J9.88 16.69 17.37 17.23 !6.9J 16.25 J6.87 16.49 16.64 16.68 16.66 16.33 17.29 17.47 16.74 
CaO 24.26 24.48 20.87 24.47 23.77 23.78 24.52 24.97 24.14 24.66 25 24.35 24.55 24.85 24.1 24.44 24.57 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total JOO.OJ JOO.OJ JOO.OJ 100 JOO 100 99.99 JOO.OJ 100 99.99 99.99 JOO 99.95 JOO JOO 99.99 J00.02 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.949 1.943 1.929 l.939 1.952 l.95 J 1.95 l.933 1.943 1.935 l.94 1.936 1.937 1.945 1.948 1.948 l.937 
Al 0.082 0.086 0.07J 0.093 0.078 0.086 0.076 0.104 0.087 0.09J 0.079 0.094 0.083 0.088 0.078 0.06J 0.094 
Fe2+ 0.087 0.088 O. J J5 0.087 0.09 0.087 0.08J 0.08J 0.088 0.085 0.077 0.087 0.09 0.088 0.074 0.086 0.081 
Mg 0.9J8 0.9J2 l.077 0.908 0.942 0.934 0.9J9 0.885 0.9J7 0.899 0.906 0.908 0.908 0.889 0.938 0.951 0.9J 
Ca 0.947 0.957 0.8J2 0.957 0.927 0.927 0.958 0.977 0.943 0.965 0.979 0.953 0.962 0.973 0.939 0.956 0.96 
Na 0 0 0.004 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cr O.OJ8 O.OJ8 0.016 0.0J7 0.013 O.OJ4 O.OJ9 0.024 0.002 0.003 0.002 0 0.003 O.OJ9 0.003 0 0.022 
Total 4.00J 4.004 4 024 4.003 4.002 3.999 4.003 4.003 4.001 4.004 4.006 4.004 4.009 4.002 4 4.0J5 4.005 
Mg# 91.4 91.2 90.3 91.2 91.3 91.5 91.9 91.7 91.2 91.3 92.1 91.2 9J 91 92.7 91.7 91.8 
En 47 46.6 53.7 46.5 48.J 48 46.9 45.6 47 46 46 47 46 46 48 48 47 
Fs 4.4 4.5 5.8 4.5 4.6 4.5 4.2 4.J 5 4 4 4 5 5 4 4 4 
Wo 48.5 48.9 40.5 49 47.3 47.6 48.9 50.3 48 50 50 49 49 50 48 48 49 
x 
(Clinopyroxene analyses continued) 
Analysis 36 37 38 39 40 41 42 43 44 45 46 47 48 49 so 51 52 53 
Sample MC8 MC7 MC7 MC7 MC7 MC7 La972 La972 La972 La972 La972b La972b La972b La972b LC10a LC10a LC10a LC10a 
Si02 53.25 53.05 53.78 53 53.48 53.34 53.38 52.99 52.8 53.59 53.16 53.5 53.86 53.28 54.8 54.46 53.75 53.84 
Ti02 0 0 0.08 0 0.09 0.07 0 0 0 0 0 0 0 0 0 0 0 0 
Al203 1.84 2. 18 0.88 2.2 1.6 2.14 1.89 2.28 2.37 1.2 2.25 2.06 1.12 1.67 1.55 1.79 2.64 2.37 
Cr203 0.75 0.56 0.28 0.57 0.2 0.62 0.7 0.88 0.88 0.57 0.81 0.71 0.5 0.55 0.66 0.47 0.82 1.07 
FeO 2.61 2.95 2.23 2.4 2.58 2.64 2.94 2.96 3.14 2.56 3.02 2.33 2.31 2.63 2.54 2.65 3.02 3.21 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.26 0 
MgO 17.73 17.52 17.8 17.24 17.61 17.4 17.03 16.68 17.02 16.91 16.78 17.04 17.12 16.79 16.8 16.01 16.08 16.34 
cao 23.82 23.74 24.94 24.59 24.44 23.79 24.05 24.19 23.54 25.13 23.98 24.06 25.09 25.08 23.19 24.16 22.9 22.5 
Na20 0 0 0 0 0 0 0 0 0.24 0 0 0 0 0 0.45 0.46 0.53 0.66 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100.01 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.939 1.933 1.959 1.932 1.948 1.94 1.946 1.935 1.928 1.958 1.938 1.947 1.963 1.946 1.986 1.98 1.956 1.958 
Al 0.079 0.094 0.038 0.095 0.069 0.092 0.081 0.098 0.102 0.052 0.097 0.088 0.048 0.072 0.066 0.077 0.113 0.102 
Fe2 0.08 0.09 0.068 0.073 0.079 0.08 0.09 0.091 0.096 0.078 0.092 0.071 0.07 0.08 0.077 0.08 0.092 0.098 
Mg 0.962 0.952 0.967 0.937 0.956 0.944 0.926 0.908 0.927 0.921 0.912 0.924 0.93 0.914 0.907 0.868 0.872 0.886 
Ca 0.929 0.927 0.973 0.96 0.954 0.927 0.94 0.946 0.921 0.983 0.937 0.938 0.98 0.981 0.9 0.941 0.893 0.877 
Na 0 0 0 0 0 0 0 0 0.017 0 0 0.022 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0.002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cr 0.021 0.016 0.008 0.016 0.006 O.Dl8 0.02 0.025 0.025 0.017 0.023 0.02 0.014 0.016 0.019 0.013 0.024 0.031 
Total 4.01 4.012 4.015 4.013 4.012 4.001 4.003 4.003 4.017 4.008 4.001 4.01 4.006 4.01 3.955 3.959 3.958 3.952 
Mg# 92.3 91.4 93.4 92 8 92.4 92.2 91.2 90.9 90.6 92.2 90.8 92.9 93 91. 9 92.2 91.5 90.5 90.1 
En 49 48 48 48 48 48 48 48 49 47 48 49 47 47 48 46 47 48 
Fs 4 5 4 4 4 4 5 5 5 4 5 4 4 4 4 4 5 5 
Wo 47 47 48 48 48 48 47 47 46 49 47 48 49 49 48 50 48 47 
(Clinopyroxene analyses continued) 
Analysis 54 55 56 57 58 59 60 61 62 63 64 65 66 67 
Sample LC10a LC!~ LC!~ LC!~ LC!~ LCl~LCl~LCl~LCI~ LC!~ LCIWLCIWLCIWLCIW 
Si02 53.91 53.54 54.l 53.81 53.7 54.04 54.71 54.15 53.91 54.11 54.28 54.5 55.72 54.25 
Ti02 0 0 0 0 0 0 0 0 0 0 0.35 0.27 0 0 
Al203 2.52 2.53 2.46 2.56 2.56 2.44 1.91 2.49 2.3 2.52 2.2 1.82 0.68 1.94 
Cr203 0.95 0.97 0.94 0.72 0.8 0.92 0.48 0.9 0.75 0.85 0.63 0.72 0 1.14 
FeO 2.94 3.26 2.91 2.71 3.07 2.56 2.84 3.42 2.71 2.77 0 0 0 0 
MnO 0 0 0 0 0 0 0 0 0 0 2.75 2.52 1.93 3.04 
MgO 16.38 16.46 16.35 16.66 16.25 16 16.5 15.81 16.42 16.83 17.04 16.45 17.06 16.6 
Cao 22.85 22.68 22.62 23.16 23.16 23.45 23 23.23 23.47 22.42 22.22 23.4 24.13 22.62 
Na20 0.45 0.56 0.63 0.38 0.46 0.59 0.56 0 0.45 0.51 0.54 0.32 0.23 0.39 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.958 1.949 1.964 1.953 1.953 1.963 1.983 1.968 1.959 1.961 1.965 1.976 2.014 1.97 
Al 0.108 0.109 0.105 0.109 0.11 0.104 0.082 0.107 0.099 0.107 0.094 0.078 0.029 0.083 
Fe2 0.089 0.099 0.088 0.082 0.093 0.078 0.086 0.104 0.082 0.084 0 0 0 0 
Mg 0.887 0.893 0.885 0.902 0.881 0.866 0.892 0.857 0.89 0.909 0.919 0.889 0.92 0.899 
Ca 0.889 0.884 0.88 0.901 0.903 0.913 0.893 0.905 0.914 0.871 0.862 0.909 0.935 0.88 
Na 0 0 0 0 0 0 0 0 0 0 0.009 0.007 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cr 0.027 0.028 0.027 0.021 0.023 0.026 0.014 0.026 0.021 0.024 0.018 0.021 0 0.033 
Total 3.958 3.962 3.949 3.968 3.963 3.95 3.95 3.967 3.965 3.956 3.95 3.956 3.963 3.957 
Mg# 90.8 90 90.9 91.6 90.4 91.8 91.2 89.2 91.5 91.6 91.7 92.1 94 90.7 
En 48 48 48 48 47 46.7 47.7 45.9 47.2 48.8 49.3 47.4 48.1 48 
Fs 5 5 5 4 5 4.2 4.6 5.6 4.4 4.5 4.5 4.1 3 4.9 
Wo 48 47 48 48 48 49.2 47.7 48.5 48.5 46.7 46.2 48.5 48.9 47 
XI 
9. Multiple Orthopyroxene analyses in Transition zone rocks 
Analysis I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 
Sample 7557 7557 7557 7557 7557 7557 Mu976: Mu976: Mu976: Mu976: LCl3 LCl3 LCl3 LCl3 LCl3 LCl3 
Si02 56.84 57.16 56.87 57.13 57.64 56.82 57.32 56.58 56.23 56.52 57.95 56.89 56.83 57.02 57.07 56.5 
Ti02 0 0 0 0 0 0.07 0 0 0 0 0 0.08 0.08 0 0.08 0.09 
A1203 1.38 1.31 1.2 1.31 0.78 1.45 1.84 1.53 1.79 1.75 0.19 1.2 1.25 0.9 1.08 1.18 
Cr203 0.31 0.38 0.37 0.38 0.14 0.44 0.24 0.31 0.26 0.26 0 0.43 0.44 0.37 0.33 0.39 
FeO 6.49 6.58 6.95 6.49 6.85 6.53 7.42 7.61 8.07 7.9 7.05 7.06 7.16 7.29 6.95 7.19 
MnO 0 0 0 0 0 0.09 0 0.11 0 0.14 0 0 0.1 0.09 0 0.15 
MgO 33.73 33.57 33.96 33.6 34.33 33.68 32.39 33.2 32.87 32.77 34.55 33.45 33.17 33.59 33.4 33.32 
Cao 1.23 I 0.64 I. I 0.27 0.91 0.78 0.66 0.77 0.65 0.26 0.89 0.98 0.74 1.08 1.18 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 99.99 100 99.99 100.01 100.01 99.99 100 100 100 100 100 100 100 100 99.99 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.965 1.974 1.968 1.973 1.987 1.964 1.982 1.963 1.956 1.963 1.999 1.97 1.97 1.976 1.976 1.962 
Al 0.056 0.053 0.049 0.053 0.032 0.059 0.075 0.063 0.074 0.072 0.008 0.049 0.051 0.037 0.044 0.048 
Fe2+ 0.188 0.19 0.201 0.188 0.198 0.189 0.214 0.221 0.235 0.23 0.203 0.205 0.207 0.211 0.201 0.209 
Mg 1.739 1.728 1.751 1.73 1.765 1.736 1.67 1.718 1.704 1.697 1.777 1.727 1.714 1.736 1.724 1.725 
Ca 0.046 0.037 0.024 0.041 0.01 0.034 0.029 0.024 0.029 0.024 0.01 0.033 0.036 0.027 0.04 0.044 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0.002 0 0 0 0 0 0.002' 0.002 0 0.002 0.002 
Mn 0 0 0 0 0 0.003 0 0.003 0 0.004 0 0 0.003 0.003 0 0.004 
Cr 0.008 0.01 I 0.01 0.01 0.004 0.012 0.007 0.008 0.007 0.007 0 0.012 0.012 0.01 0.009 0.01 I 
Total 4.002 3.994 4.003 3.995 3.995 3.998 3.977 4.001 4.004 3.997 3.997 3.997 3.996 4 3.996 4.006 
Mg# 90.3 90. l 89.7 90.2 89.9 90.2 88.6 88.6 87.9 88.1 89.7 89.4 89.2 89.1 89.6 89.2 
En 88 88 89 88 89 89 87 88 87 87 89 88 88 88 88 87 
Fs 10 JO IO 10 IO IO II II 12 12 10 IO II II 10 II 
Wo 2 2 I 2 I 2 2 I I I 0 2 2 I 2 2 
(Orthopyroxene analyses continued) 
Analysis 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Sample LCl3 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 
Si02 57.02 56.82 56.41 56.61 56.3 56.72 57.16 57.16 56.63 57.04 56.59 56.77 57 56.78 56.78 57.09 57.26 56.87 
Ti02 0 0 0 0 0 0 0 0 0.1 I 0.08 0 0 0 0 0 0 0 0 
Al203 0.99 1.78 1.78 1.6 I 1.95 1.79 I. 18 1.18 1.75 1.8 1.69 1.64 1.59 1.69 1.69 1.5 I 1.5 1.67 
Cr203 0.33 0.49 0.45 0.36 0.61 0.64 0.47 0.47 0.42 0.49 0.44 0.44 0.29 0.42 0.42 0.36 0.3 0.44 
FeO 7.31 7.1 I 7.13 7.15 7.15 7.09 6.51 6.51 6.91 6.74 7.13 7.06 7.21 7.25 7.25 7.13 7.25 7.21 
MnO 0.13 0 0.13 0 0.12 0.09 0 0 0.08 0 0.12 0.08 0.08 0 0 0 0 0.1 
MgO 33.56 32.91 33.09 33.46 32.72 33.24 34.17 34.17 33.15 33 33.05 32.97 33.19 32.99 32.99 32.83 32.98 33.24 
Cao 0.66 0.9 I.OJ 0.79 1.14 0.45 0.53 0.53 0.95 0.83 0.98 1.03 0.61 0.87 0.87 1.09 0.7 0.49 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100 99.99 99.99 100 100.01 100.01 100 99.99 100 100 99.98 99.99 99.99 100 JOO 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.976 1.967 1.956 1.961 1.954 1.963 1.972 1.972 1.961 1.97 1.962 1.967 1.972 1.967 1.967 1.976 1.98 1.968 
Al 0.041 0.072 0.073 0.066 0.08 0.073 0.048 0.048 0.071 0.073 0.069 0.067 0.065 0.069 0.069 0.062 0.061 0.068 
Fe2+ 0.212 0.206 0.207 0.207 0.208 0.205 0.188 0.188 0.2 0.195 0.207 0.205 0.209 0.21 0.21 0.206 0.21 0.209 
Mg 1.734 1.698 1.711 1.728 1.693 1.715 1.758 1.758 1.711 1.7 1.708 1.703 1.712 1.703 1.703 1.694 1.7 1.715 
Ca 0.024 0.034 0.037 0.029 0.042 0.017 0.019 0.019 0.035 0.031 0.037 0.038 0.023 0.032 0.032 0.04 0.026 0.018 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0.003 0.002 0 0 0 0 0 0 0 0 
Mn 0.004 0 0.004 0 0.004 0.003 0 0 0.002 0 0.004 0.002 0.002 0 0 0 0 0.003 
Cr 0.009 0.013 0.012 0.01 0.017 0.018 0.013 0.013 0.012 0.013 0.012 0.012 0.008 0.011 0.011 0.01 0.008 0.012 
Total 3.999 3.99 4.001 4.001 3.997 3.992 3.998 3.998 3.995 3.984 3.998 3.994 3.991 3.993 3.993 3.988 3.985 3.992 
Mg# 89. l 89.2 89.2 89.3 89.1 89.3 90.3 90.3 89.5 89.7 89.2 89.3 89.1 89 89 89.1 89 89.2 
En 88 88 88 88 87 89 89 89 88 88 88 88 88 88 88 87 88 88 
Fs II II II II II II IO IO IO IO II II II ll II II ll II 
Wo I 2 2 I 2 I l I 2 2 2 2 I 2 2 2 I I 
XII 
(Orthopyroxene analyses continued) 
Analysis 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 
Sample Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 MC8 MC8 
Si02 56.85 56.34 56.77 56.79 56.48 56.59 56.59 56.83 57.3 57.01 56.96 56.65 56.77 56.59 56.84 56.89 57 56.77 
Ti02 0 0 0 0 0.1 l 0.12 0 0 0 0 0.07 0 0 0 0 0 0 0 
Al203 1.5 1.52 1.64 1.44 1.44 1.57 1.49 1.45 1.23 1.52 1.46 1.37 1.58 1.7 1.8 l 1.63 1.25 1.28 
Cr203 0.39 0.34 0.39 0.32 0.37 0.45 0.46 0.31 0.3 0.31 0.21 0.22 0.29 0.41 0.36 0.42 0.31 0.27 
FeO 7.32 7.35 7.34 7.57 7.59 7.38 7.73 7.26 7.33 7.4 7.19 7.35 7.21 7.37 7.09 7.35 6.04 6.33 
MnO 0.11 0 0 0 0 0 0.1 0.11 0.12 0 0 0 0 0 0.09 0.08 0.08 0 
MgO 33 33.53 33.06 33.19 33.28 32.94 32.63 32.96 33.28 32.92 32.93 33.28 33.25 33.22 32.99 33.25 34.8 34.83 
Cao 0.83 0.92 0.79 0.69 0.73 0 93 0.99 1.07 0.46 0.83 1.15 1.12 0.89 0.71 0.8 0.38 0.52 0.54 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100 JOO 100 99.99 100 JOO JOO.OJ 100 99.98 99.99 99.99 JOO 99.99 JOO JOO 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.97 1.955 1.967 1.969 1.96 1.963 1.967 1.97 1.982 1.974 1.973 1.965 1.966 1.961 1.967 1.969 1.964 1.959 
Al 0.06J 0.062 0.067 0.059 0.059 0.064 0.061 0.059 0.05 0.062 0.06 0.056 0.065 0.069 0.074 0.066 0.051 0.052 
Fe2+ 0.212 0.213 0.213 0.219 0.22 0.214 0.225 0.21 0.212 0.214 0.208 0.213 0.209 0.214 0.205 0.213 0.174 0.183 
Mg 1.705 1.735 1.707 1.716 1.722 1.704 l.691 1.704 1.716 1.7 1.7 1.721 1.717 1.716 1.702 1.716 1.788 1.791 
Ca 0.03J 0.034 0.029 0.026 0.027 0.035 0.037 0.04 0.017 0.031 0.043 0.042 0.033 0.026 O.oJ 0.014 0.019 0.02 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0.003 0.003 0 0 0 0 0.002 0 0 0 0 0 0 0 
Mn 0.003 0 0 0 0 0 0.003 0.003 0.004 0 0 0 0 0 0.003 0.002 0 0 
Cr 0.011 0.009 0.011 0.009 0.01 0.012 0.013 0.009 0.008 0.009 0.006 0.006 0.008 0.011 O.oI 0.012 0.008 0.007 
Total 3.994 4.009 3.994 3.997 4.002 3.995 3.996 3.996 3.989 3.99 3.992 4.003 3.997 3.998 3.991 3.992 4.004 4.012 
Mg# 88.9 89. l 88.9 88.7 88.7 88.8 88.3 89 89 88.8 89.l 89 89.2 88.9 89.2 89 91.l 90.7 
En 88 88 88 87 87 87 87 87 88.2 87.4 87.1 87.1 87.7 87.7 87.9 88.3 90.2 89.8 
Fs JI II 11 II II 11 12 II 10.9 11 10.7 10.8 10.7 10.9 I0.6 II 8.8 9.2 
Wo 2 2 2 I I 2 2 2 0.9 1.6 2.2 2.1 1.7 1.4 1.5 0.7 I I 
(Orthopyroxene analyses continued) 
Analysis 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 
Sample MC8 MC8 MC7 MC7 MC7 MC7 MC7 MC7 Mu971< Mu9711 La972 La972 La972 La972 La972b La972b La972b LC!Oa 
Si02 56.48 56.45 56.82 56.52 56.81 56.45 56.29 56.46 57.09 57.37 56.74 56.51 56.35 56.31 56.71 56.91 56.86 57.15 
Ti02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Al203 1.52 1.49 1.71 1.6 1.23 1.64 1.67 1.65 1.4 1.19 1.57 1.72 1.76 1.86 1.4 1.53 1.47 2.17 
Cr203 0.42 0.46 0.51 0.32 0.3 0.26 0.31 0.38 0.4 0.29 0.38 0.45 0.4 0.41 0.41 0.49 0.45 0.53 
FeO 6.13 6.37 6.9 6.77 6.67 6.77 6.82 6.5 5.26 5.33 7.25 7.22 7.44 7.34 7.04 6.98 6.42 7.57 
MnO 0.08 0.12 0 0 0 0.12 0.1 0 0 0 0 0 0 0 0.11 0 0 0 
MgO 34.71 34.5 34.08 34.16 34.6 33.99 33.89 34.17 35.03 35.38 33.35 33.13 33.08 33.22 33.89 33.45 32.81 31.73 
Cao 0.66 0.62 0.94 0.63 0.4 0.76 0.94 0.84 0.83 0.45 0.69 0.98 0.84 0.86 0.46 0.65 1.97 0.62 
--Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.22 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 IOI 100 I00.01 99.99 100.02 100 IOO 100 100 100 IOO IOO IOO 100 IOO IOO 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.95 1.951 I. 95 1.954 1.962 1.954 1.95 1.952 1.961 1.968 1.965 1.959 1.956 1.953 1.963 1.968 1.969 1.979 
Al 0.062 0.061 0.069 0.065 0.05 0.067 0.068 0.067 0.057 0.048 0.064 0.071 0.072 0.076 0.057 0.063 0.06 0.088 
Fe2+ 0.177 0.184 0.198 0.196 0.193 0.196 0.197 0.187 0.151 0.153 0.21 0.209 0.216 0.213 0.204 0.202 0.186 0.219 
Mg 1.786 1.778 1.743 1.761 1.782 1.754 1.75 1.761 1.794 1.81 1.723 1.712 1.712 1.718 1.749 1.724 1.694 1.638 
Ca 0.024 0.023 0.035 0.023 0.015 0.028 0.034 0.031 0.03 0.016 0.026 0.036 O.oJ I 0.032 0.017 0.024 0.073 0.023 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0.003 0 0 0 0.003 0.003 0 0 0 0 0 0.004 0 0.003 0 0 0 
Cr 0.011 0.013 0.014 0.009 0.008 0.007 0.008 0.01 0.011 0.008 O.oI 0.012 0.011 0.011 0.011 0.013 0.012 0.015 
Total 4.01 4.013 4.009 4.008 4.01 4.009 4.01 4.008 4.004 4.003 3.998 4 4.002 4.003 4.003 3.994 3.995 3.962 
Mg# 91 90.6 89.8 90 90.2 89.9 89.9 90.4 92.2 92.2 89.1 89.1 88.8 89 89.6 89.5 90.1 88.2 
En 89.9 89.6 88.2 88.9 89.5 88.7 88.4 89 90.9 91.5 87.9 87.4 87.4 87.5 88.8 88.4 86.7 87.1 
Fs 8.9 9.2 10 9.9 9.7 9.9 9.9 9.4 7.6 7.7 I0.7 I0.7 11 I0.8 10.3 I0.3 9.5 11.7 
Wo 1.2 1.2 1.8 l.2 0.8 1.4 1.7 1.6 1.5 0.8 1.3 1.9 1.6 1.7 0.9 1.3 3.8 1.2 
XIII 
(Orthopyroxene analyses continued) 
Analysis 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 
Sample LCJOa LCJOa LCJOa LCJOa LCJOa LC!Oc LC!Oc LC!Oc LC!Oc LC!Oc LC!Oc LC!Oc LCl2d LCl2d LCJ2d LCJ2d 7558 75580 
Si02 57.31 57.48 57.51 57.59 57.96 57.32 57.71 57.86 57.6 58.16 57.26 57.42 58.11 58.31 58.59 58.29 57.6 56.2 
Ti02 0.24 0 0 0 0 0 0 0 0 0 0 0 0 0.26 0 0 0 0.05 
AJ203 2.33 1.92 1.89 1.8 1.82 I. 78 1.86 1.44 1.89 0.9 1.95 1.66 1.54 0.66 1.07 1.46 1.18 1.99 
Cr203 0.41 0.43 0.7 0.45 0.41 0.57 0.38 0 0.37 0.35 0.56 0.53 0.3 0.23 0 0.58 0.11 0.35 
FeO 7.16 7.4 6.9 6.79 6.62 7.34 6.94 7.79 7.81 6.93 7.37 7.04 6.96 6.96 6.62 6.79 6.96 8.20 
MnO 0 0 0 0 0 0 0 0.26 0 0 0 0 0 0.24 0 0 0.17 0.24 
MgO 31.59 31.6 31.97 32.36 32.25 31.92 31.86 32.05 31.24 33.02 31.53 32.27 32 32.83 32.68 32 33.7 32.3 
Cao 0.68 0.87 0.81 0.73 0.67 0.75 1.03 0.6 0.88 0.43 1.02 0.86 0.87 0.5 0.78 0.88 0.72 0.85 
Na20 0.28 0.31 0.21 0.27 0.28 0.32 0.22 0 0.21 0.21 0.31 0.23 0.22 0 0.26 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total JOO JOO JOO JOO JOO JOO JOO 100 100 JOO JOO JOO JOO 100 JOO JOO 100.44 100.18 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.98 1.989 1.987 1.987 1.996 1.985 1.993 2.002 1.995 2.005 1.984 1.985 2.004 2.011 2.015 2.008 1.98 1.95 
Al 0.095 0.078 0.077 0.073 0.074 0.073 0.076 0.059 0.077 0.037 0.08 0.067 0.063 0.027 0.043 0.059 0.05 0.08 
Fe2+ 0.207 0.214 0.199 0.196 0.191 0.212 0.2 0.225 0.226 0.2 0.213 0.204 0.201 0.201 0.19 0.196 0.2 0.24 
Mg 1.627 1.63 1.646 1.665 1.656 1.648 1.64 1.653 1.613 1.697 1.628 1.663 1.645 1.688 1.676 1.643 1.73 1.68 
Ca 0.025 0.032 0.03 0.027 0.025 0.028 0.038 0.022 0.033 0.016 0.038 0.032 0.032 0.018 0.029 0.032 0.03 0.03 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0.006 0 0 0 0 0 0 0 0 0 0 0 0 0.007 0 0 0 0 
Mn 0 0 0 0 0 0 0 0.008 0 0 0 0 0 0.007 0 0 0.01 0.01 
Cr 0.011 0.012 0.019 0.012 0.011 0.016 0.011 0 0.01 0.01 0.015 0.015 0.008 0.006 0 0.016 0 0.01 
Total 3.951 3.955 3.958 3.96 3.953 3.962 3.958 3.969 3.954 3.965 3.958 3.966 3.953 3.965 3.953 3.954 3.993 4 
Mg# 88.7 88.4 89.2 89.5 89.7 88.6 89.1 88 87.7 89.5 88.4 89.1 89.1 89.4 89.8 89.4 90 88 
En 87.5 86.9 87.8 88.2 88.5 87.3 87.3 87 86.2 88.7 86.6 87.6 87.6 88.5 88.4 87.8 88 86 
Fs I I.I 11.4 J0.6 10.4 10.2 11.3 10.7 11.9 12.1 10.4 11.4 10.7 J0.7 J0.5 JO J0.4 JO 12 
Wo 1.4 1.7 1.6 1.4 1.3 1.5 2 1.2 1.7 0.8 2 1.7 1.7 I 1.5 1.7 I 2 
(Orthopyroxene analyses continued) 
Analysis 89 90 91 92 93 94 95 96 97 98 99 JOO 
Sample MCl6 MCJ6 MCJ6 MCJ6 MCJ6 MCJ6 MCJ6 MCJ6 Mu971 Mu971 Mu971 Mu971 
core rim core rim core rim core rim 
Si02 57.1 56.99 57.14 57.47 56.79 56.96 57.29 57.31 57.18 57.55 57.09 57.37 
Ti02 0 0 0 0 0 0 0 0 0 0 0 0 
Al203 1.69 1.66 1.84 1.53 1.86 1.68 1.76 1.63 1.41 0.97 1.4 1.19 
Cr203 0.37 0.36 0.47 0.39 0.43 0.42 0.42 0.37 0.36 0.21 0.4 0.29 
FeO 5.2 5.43 5.17 5.3 5.12 5.34 5.43 5.55 5.28 5.44 5.26 5.33 
MnO 0 0 0 0 0 0 0.08 0.08 0 0 0 0 
MgO 34.74 35.25 34.97 35.24 34.42 34.68 34.91 35.2 34.9 35.36 35.03 35.38 
Cao 0.94 0.59 0.72 0.6 1.53 0.52 0.81 0.73 0.87 0.47 0.83 0.45 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100.05 100.29 100.31 100.53 JOO.I 99.6 100.7 100.9 JOO 100 100 JOO 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.96 1.953 1.955 1.962 I. 951 1.963 1.956 1.955 1.964 1.975 1.961 1.968 
Al 0.068 0.067 0.074 0.062 0.075 0.068 0.071 0.066 0.057 0.039 0.057 0.048 
Fe2+ 0.149 0.155 0.148 0.151 0.147 0.154 0.155 0.158 0.152 0.156 0.151 0.153 
Mg 1.778 1.80 I 1.784 1.793 1.764 1.782 1.777 1.79 1.787 1.809 1.794 1.81 
Ca 0.035 0.022 0.026 0.022 0.056 0.019 0.03 0.026 0.032 0.017 0.03 0.016 
Na 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0.002 0.002 0 0 0 0 
Cr 0.01 0.01 0.013 0.01 0.012 0.011 0.011 0.01 0.01 0.006 0.011 0.008 
Total 4 4.008 4 4 4.005 3.997 4.002 4.007 4.002 4.002 4.004 4.003 
Mg# 92.3 92.1 92.3 92.2 92.3 92 92 91.9 92.2 92.1 92.2 92.2 
En 90.6 91.1 91. J 91.2 89.7 91.l 90.6 90.7 90.7 91.3 90.9 91.5 
Fs 7.6 7.8 7.6 7.7 7.5 7.9 7.9 8 7.7 7.9 7.6 7.7 
Wo 1.8 I. I 1.3 I.I 2.8 I 1.5 1.3 1.6 0.8 1.5 0.8 
XIV 
10. Multiple Olivine analyses in Transition Zone rocks 
Analyses I 2 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 
Sample Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu976 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 
Si02 41.73 4 l.96 43.98 41.86 41.85 39.59 41.42 41.07 41.72 40.18 40.73 40.55 40.45 39.67 40.44 40.82 40.76 40.89 40.08 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 10.38 10.29 10.23 10.92 12.55 10.98 l l .46 11.4 l 12.02 10.80 10.80 12.29 10.18 10.36 10.25 10.50 10.04 10.39 10.52 
MnO 0.10 0.07 0.00 0.00 0.00 0.09 0.00 0.13 0.10 0.00 0.11 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 48.76 49.03 51.46 46.73 48.35 45.64 47.90 47.92 48.47 46.70 43.52 46.25 48.06 46.27 47.81 48.50 48.30 47.86 47.21 
Cao 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.06 0.00 0.07 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.07 
Total 100.98 101.36 105.67 99.51 I 02. 75 96.40 100.78 100.52 102.37 97.68 95.23 99.09 96.30 98.51 99.82 99.10 99.14 97.86 97.86 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 1.012 1.013 1.016 1.030 1.007 1.011 1.011 1.006 1.006 1.0! l 1.047 1.012 1.004 1.011 1.006 1.003 1.007 1.011 1.006 
Fe2+ 0.211 0.208 0.197 0.225 0.252 0.235 0.234 0.234 0.242 0.227 0.232 0.257 0.211 0.221 0.213 0.216 0.207 0.215 0.221 
Mg 1.763 1.765 1.771 1.715 1.734 1.738 1.744 1.751 1.742 1.751 1.668 1.720 1.777 1.758 1.774 1.777 1.779 1.764 1.766 
Ca 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.000 0.002 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.002 
Mn 0.002 0.001 0.000 0.000 0.000 0.002 0.000 0.003 0.002 0.000 0.002 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sum 2.988 2.987 2.984 2.970 2.993 2.989 2.989 2.994 2.994 2.989 2.953 2.988 2.996 2.989 2.994 2.997 2.993 2.989 2.994 
Mg# 89.3 89.5 90.0 88.4 87.3 88.l 88.2 88.2 87.8 88.5 87.8 87.0 89.4 88.8 89.3 89.2 89.6 89.1 88.9 
(Olivine analyses continued) 
Analyses 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
Sample Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 LC13 LC13 LC13 LClOa LClOa LC!Oc LClOc LC12d LC!2d LCl2d 
Si02 40.83 40.75 40.82 40.88 40.95 41.09 40.66 41.10 40.26 40.63 40.92 41.67 41.51 42.14 42.47 42.63 42.96 42.60 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 10.93 10.85 10.69 11.09 11.12 10.80 10.80 10.63 10.58 10.53 10.55 9.84 9.96 11.73 11.76 10.19 10.19 10.45 
MnO 0.00 0.08 0.11 0.00 0.00 0.00 0.00 0.09 0.09 0.13 0.08 0.00 0.00 0.38 0.00 0.26 0.27 0.00 
MgO 47.50 48.02 47.37 47.39 47.75 48.05 48.09 47.95 48.20 48.59 48.65 47.08 47.00 46.87 46.90 48.39 47.90 48.20 
Cao 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.71 98.99 99.36 99.82 99.95 99.54 99.85 92.60 99.13 99.88 I 00.2 l 98.59 98.47 !Ol.12 101.13 101.47 101.32 101.25 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 1.0 l l 1.005 l.012 1.011 l.009 1.009 l.004 1.010 0.998 0.999 1.003 1.030 1.029 1.026 1.031 1.026 1.035 1.028 
Fe2+ 0.226 0.224 0.222 0.229 0.229 0.222 0.223 0.218 0.219 0.217 0.216 0.203 0.206 0.239 0.239 0.205 0.205 0.211 
Mg l.753 1.765 1.751 1.748 l.754 1.759 l.770 1.757 1.782 1.782 1.777 1.736 1.736 1.701 1.698 1.737 1.720 1.734 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.002 0.002 0.003 0.002 0.000 0.000 0.008 0.000 0.005 0.006 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Sum 2.989 2.995 2.988 2.989 2.991 2.991 2.996 2.990 3.002 3.001 2.997 2.970 2.971 2.974 2.969 2.974 2.965 2.972 
Mg# 88.6 88.7 88.8 88.4 88.4 88.8 88.8 88.9 89.0 89.2 89.2 89.5 89.4 87.7 87.7 89.4 89.3 89.2 
(Olivine analyses continued) 
Analyses 37 38 39 40 41 42 43 44 45 47 48 49 50 51 52 53 
Sample LC12d LC12d LCl2d 7557 7557 7558 MC16 MC16 MC8 MC8 MC? MC? Mu97 Mu97 Mu97 Mu97 
core rim core rim core rim !core trim !core trim 
Si02 42.87 42.92 41.72 41.22 40.73 40.95 41.38 41.36 40.66 40.69 40.62 40.48 41.32 41.18 41.18 41.09 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 0 0.07 0 0 0 0 0 
FeO 9.99 9.62 10.30 10.39 9.80 10.15 8.07 7.96 9.26 9.3 9.64 9.78 7.94 7.87 8.21 8.12 
MnO 0.23 0.00 0.00 0.00 0.00 0.1 l 0 0 0 0.09 0.12 0.11 0 0 0 0 
MgO 48.01 48.27 47.09 48.70 49.06 49.07 50.72 51.02 50.08 49.92 49.55 49.63 50.74 50.94 50.61 50.79 
Cao 0.00 0 00 0.00 0.00 0.00 0.00 0 0 0 0 0 0 0 0 0 0 
Total 101.10 100.81 99.1 l 100.32 99.59 100.30 100.17 100.34 100 100 100 100 100 100 100 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 1.034 1.035 1.029 1.007 1.001 1.001 1.002 I 0.993 0.995 0.995 0.992 1.002 0.999 I 0.998 
Fe2+ 0.201 0.194 0.212 0.212 0.201 0.208 0.163 0.161 0.189 0.19 0.197 0.2 0.161 0.16 0.167 0.165 
Mg 1.726 1.736 1.731 1.774 1.797 1.788 1.832 1.839 1.824 1.819 1.808 1.813 1.835 1.842 1.833 1.839 
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0 0 0 0 0 0 0 0 0 0 
Mn 0.005 0 000 0.000 0.000 0.000 0.002 0 0 0 0 0.002 0.002 0 0 0 0 
Cr 0.000 0.000 0 000 0.000 0.000 0.000 0 0 0 0 0.001 0 0 0 0 0 
Sum 2.966 2.965 2.971 2.993 2.999 2.990 2.997 3 3 006 3.004 3.003 3.007 2.998 3.001 3 3.002 
Mg# 89.5 89.9 89.l 89.3 89.9 89.6 91.8 92 90.6 90.5 90.2 90.l 91.9 92 91.7 91.8 
xv 
11. Spine! analyses 
Analyses I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 
Sample Mu976: Mu976: Mu976; Mu976; Mu976: Mu976: Mu976; Mu976: Mu976: Mu976; Mu976; Mu976: Mu976: Mu976; Mu976; Mu976 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti02 0.09 0.00 0.31 0.27 0.15 0.19 0.38 0.36 0.24 0.48 0.42 0.26 0.20 0.17 0.20 0.16 
Al203 47.05 43.65 30.46 31.43 32.35 32.63 32.07 30.95 31.32 30.15 28.97 32.26 33.18 32.33 29.55 31.32 
Cr203 18.79 21.32 31.36 30.01 32.10 31.63 29.66 32.06 27.69 32.37 34.70 30.86 29.72 32.13 29.03 30.13 
Fe203 4.26 4.22 7.90 7.45 8.25 6.94 6.38 6.29 8.42 8.46 6.71 6.43 5.76 5.94 5.99 5.53 
FeO 14.92 17.18 19.18 19.43 18.26 19.93 19.88 21.48 20.19 22.26 21.70 18.94 20.17 20.64 18.80 20.29 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 15.49 14.34 10.80 11.56 11.63 11.41 11.33 10.64 10.69 10.59 10.60 11.45 I 1.34 I 1.39 10.55 10.50 
Cao 0.05 0.00 0.06 0.10 0.06 0.06 0.08 0.00 0.10 0.06 0.00 O.Q7 0.00 0.00 0.00 O.Q7 
Na20 0.27 0.00 0.33 0.00 0.50 0.18 0.00 0.00 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.91 100.70 100.41 100.25 103.30 102.97 99.77 I 01.78 98.65 104.37 !03.10 100.48 100.38 102.60 94.12 98.00 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.516 1.440 1.080 1.109 1.106 1.121 1.135 1.087 1.127 1.042 1.015 1.131 1.163 1.117 1.113 1.133 
Fe3+ 0.088 0.089 0.179 0.168 0.180 0.152 0.144 0.141 0.193 0.187 0.150 0.144 0.129 0.131 0.144 0.128 
Fe2+ 0.341 0.402 0.483 0.487 0.443 0.486 0.499 0.535 0.516 0.546 0.540 0.471 0.502 0.506 0.503 0.521 
Mg 0.631 0.598 0.484 0.516 0.503 0.496 0.507 0.473 0.487 0.463 0.470 0.508 0.503 0.498 0.502 0.480 
Ca 0.001 0.000 0.002 0.003 0.002 0.002 0.003 0.000 0.003 0.002 0.000 0.002 0.000 0.000 0.000 0.003 
Na 0.014 0.000 0.019 0.000 0.028 O.OIO 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.002 0.000 0.007 0.006 0.003 0.004 0.009 0.008 0.006 O.QI I O.OIO 0.006 0.005 0.004 0.005 0.004 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.406 0.472 0.746 0.711 0.736 0.729 0.704 0.756 0.669 0.750 0.816 0.726 0.699 0.745 0.734 0.731 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
100Mg/(Mg+Fe2+) 64.9 59.8 50.1 51.5 53.2 50.5 50.4 46.9 48.6 45.9 46.5 51.9 50.1 49.6 50.0 48.0 
100Fe3+/(Cr+Al+Fe3+) 4.4 4.4 8.9 8.4 8.9 7.6 7.3 7.1 9.7 9.4 7.6 7.2 6.5 6.6 7.2 6.4 
Cr/( Cr+ Al) 0.2 0.2 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
(Spine! analyses continued) 
Analyses 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
Sample Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 Mu977 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.44 0.44 0.00 0.00 0.00 2.28 0.00 
Ti02 0.16 0.20 0.24 0.16 0.21 0.26 0.24 0.15 0.23 0.18 0.18 0.22 0.21 0.18 0.09 0.16 
Al203 26.51 26.93 26.32 27.10 26.30 27.74 26.91 26.68 27.56 26.49 26.49 24.43 26.72 28.11 26.82 28.82 
Cr203 39.14 39.27 38.89 37.07 39.71 38.32 38.83 38.11 38.18 37.59 37.59 41.39 39.09 38.25 35.92 37.38 
Fe203 4.85 4.55 5.09 5.04 5.17 4.79 4.55 4.81 4.41 5.34 5.34 5.47 5.16 4.11 3.55 4.46 
FeO 17.32 17.75 17.14 16.93 17.72 17.65 19.49 20.41 18.34 18.48 18.48 19.51 19.52 19.60 18.55 19.53 
MnO 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 12.44 12.45 12.63 12.43 12.47 12.70 11.39 I0.57 12.04 12.19 12.19 11.24 11.49 11.48 13.71 11.57 
Cao 0.00 0.00 0.00 0.07 0.05 0.00 0.00 0.00 0.05 0.00 0.00 O.Q7 0.00 0.00 0.08 0.09 
Na20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K20 0 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.58 101.16 100.31 98.79 101.63 101.46 101.41 100.72 I00.80 I00.72 I00.72 102.33 102.19 101.73 101.00 102.01 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013 0.013 0.000 0.000 0.000 0.068 0.000 
Al 0.946 0.954 0.941 0.979 0.931 0.976 0.958 0.961 0.979 0.945 0.945 0.873 0.946 0.993 0.938 1.012 
Fe3+ 0.111 0.103 0.116 0.116 0.117 0.108 0.103 0.J J l 0.100 0.122 0.122 0.125 0.117 0.093 0.079 0.100 
Fe2+ 0.438 0.447 0.435 0.434 0.445 0.441 0.493 0.522 0.462 0.468 0.468 0.495 0.490 0.491 0.460 0.487 
Mg 0.561 0.558 0.571 0.568 0.558 0.565 0.513 0.482 0.541 0.550 0.550 0.508 0.515 0.513 0.607 0.514 
Ca 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.000 0.002 0.000 0.000 0.002 0.000 0.000 0.003 0.003 
Na 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.004 0.005 0 006 0.004 0.005 0.006 0.006 0.004 0.005 0.004 0.004 0.005 0.005 0.004 0.002 0.004 
Mn 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.937 0.934 0.932 0.898 0.943 0.905 0.928 0.921 0.910 0.899 0.899 0.992 0.928 0.906 0.843 0.881 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
100Mg/(Mg+Fe2+) 56.2 55.6 56.8 56.7 55.7 56.2 51.0 48.0 53.9 54.0 54.0 50.7 51.2 51.1 56.9 51.4 
100Fe3+/(Cr+Al+Fe3+) 5.5 5.2 5.8 5.8 5.9 5.4 5.2 5.6 5.0 6.2 6.2 6.3 5.9 4.7 4.3 5.0 
Cr/(Cr+Al) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
XVI 
(Spine! analyses continued) 
Analyses 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 
Sample Mu977 Mu977 Mu977 7557 LCI3 LCI3 LCI3 LCI3 LC!Oa LCIOa LC!Oa LC!Oa LCIOa LC!Oa LC!Oa LC!Oc 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0.00 
Ti02 0.00 0.00 0.12 0.22 0.31 0.34 0.39 0.34 0.00 0.00 0.00 0.00 0.00 0.29 0.00 0.00 
Al203 30.16 30.33 29.81 20.62 20.04 19.10 18.58 18.70 28.25 31.21 29.25 21.97 27.17 29.86 29.28 30.29 
Cr203 35.60 35.59 37.70 45.43 44.66 46.48 46.08 44.84 35.42 36.61 34.71 42.03 37.14 34.44 32.32 36.90 
FeO 21.90 22.18 21.58 26.02 27.06 25.10 28.25 28.79 20.19 16.81 20.58 21.77 21.17 20.65 22.24 21.39 
MnO 0.00 0.00 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0.00 0.00 0.40 0.00 
MgO 12.47 12.17 12.38 10.02 9.36 J0.74 8.72 8.69 l l.28 13.20 11.35 10.48 11.48 11.82 11.13 12.07 
CaO 0.18 0.24 0.15 0.00 0.07 0.16 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.14 0.00 
Na20 0 00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 0.00 0.30 0.53 0.25 0.00 0.34 0.34 0.00 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.31 !00.51 101.74 102.76 101.51 !01.92 !02.03 101.36 95.14 98.13 96.56 97.05 96.96 97.40 96.71 100.65 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.000 
Al 1.062 1.067 1.039 0.750 0.743 0.702 0.693 0.702 1.051 1.103 1.064 0.827 0.998 1.075 1.065 1.063 
Fe2+ 0.536 0.544 0.526 0.656 0.698 0.640 0.734 0.750 0.533 0.422 0.531 0.581 0.552 0.528 0.574 0.533 
Mg 0.555 0.542 0.546 0.461 0.439 0.499 0.412 0.412 0.531 0.590 0.522 0.499 0.534 0.538 0.512 0.536 
Ca 0.006 0.008 0.005 0.000 0.002 0.005 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.005 0.000 
Na 0.000 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.017 0.032 0.015 0.000 0.020 0.021 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.003 0.005 0.007 0.008 0.009 0.008 0.000 0 000 0.000 0.000 0.000 0.007 0.000 0.000 
Mn 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.011 0.000 
Cr 0.841 0.840 0.882 I. !09 l. l I I 1.146 1.153 I. 129 0.884 0.868 0.847 1.062 0.916 0.832 0.788 0.868 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
100Mg/(Mg+Fe2+) 55.9 54.6 54.7 47.4 43.7 49.8 40.8 40.9 49.9 58.3 49.6 46.2 49.2 50.5 47.1 50.1 
!00Fe3+/(Cr+Al+Fe3+) 4.9 4.6 3.7 7.l 6.6 6.9 6.8 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr/( Cr+ Al) 0.4 0.4 0.5 0.6 0.6 0.6 0.6 0.6 0.5 0.4 0.4 0.6 0.5 0.4 0.4 0.4 
(Spine! analyses continued) 
Analyses 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 
Sample LC!~ LC!~ LC!~ LCl~LCIMLCIMLCIMLCIMLCIMLCIMLCIMLCIMLCIMLCIMLC!MLCIM 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti02 0.00 0.00 0.00 0.00 0.53 0.37 0.25 0.39 0.43 0.42 0.35 0.22 0.47 0.44 0.35 0.00 
Al203 31.11 31.27 31.98 29.59 21.20 21.26 22.42 21.47 18.51 21.88 18.78 19.54 21.38 21.68 21.37 22.39 
Cr203 36.13 35.43 34.57 38.33 42.53 44.46 43.85 43.49 45.58 43.90 44.48 45.51 43.28 44.31 43.54 42.15 
FeO 21.71 23.93 21.57 21.83 26.79 25.11 24.40 27.00 27.23 25.31 27.50 27.68 26.31 23.87 25.94 26.09 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.00 0.00 
MgO 11.92 11.00 12.80 11.87 8.67 10.24 10.35 9.73 8.73 9.94 8.18 8.58 9.69 10.72 9.88 9.76 
Cao 0.00 0.00 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00 
Na20 0.00 0.00 0.00 0.00 0.26 0.22 0.20 0.35 0.00 0.00 0.30 0.35 0.21 0.32 0.31 0.28 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.87 101.63 100.92 101.62 100.27 101.66 101.47 102.43 100.48 101.45 99.88 101.88 101.34 101.94 101.39 100.67 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al 1.087 1.092 1.107 1.035 0.788 0.774 0.813 0.777 0.697 0.799 0.709 0.721 0.782 0.783 0.780 0.819 
Fe2+ 0.538 0.593 0.530 0.541 0.706 0.648 0.628 0.693 0.727 0.656 0.737 0.725 0.683 0.611 0.672 0.678 
Mg 0.527 0.486 0.560 0.525 0.407 0.471 0.475 0.445 0.415 0.459 0.391 0.400 0.448 0.489 0.456 0.452 
Ca 0.000 0.000 0.000 0.000 0.0!0 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 
Na 0.000 0.000 0.000 0.000 0.016 0.013 0.012 0.021 0.000 0.000 0.019 0.021 0.013 0.019 0.018 0.017 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.000 0.000 0.000 0.000 0.013 0.009 0.006 0.009 0.010 0.010 0.009 0.005 0.011 0.010 0.008 0.000 
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.000 0.000 
Cr 0.847 0.830 0.803 0.899 l.060 1.085 1.067 1.055 l.151 1.076 l.127 1.127 l.062 1.073 1.066 1.034 
SUM 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.001 3.000 3.000 
100Mg/(Mg+Fe2+) 49.5 45.0 51.4 49.2 36.6 42.1 43.1 39.1 36.4 41.2 34.6 35.6 39.6 44.5 40.4 40.0 
Cr/( Cr+ AI) 0.4 0.4 0.4 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 
(Spine! analyses continued) 
Analyses 73 74 76 77 78 79 80 81 82 83 84 85 86 87 88 
Sample MCl6 MCl6 MCl6 MCl6 MC8 MC8 MC7 MC7 MC7 Mu97 Mu97 7557 7558 75580 7559 
core rim core core core rim core rim core !core !rim 
Si02 0 0 0 0 0 0 0 0 0 0 0 0 0.08 0.02 0.07 
XVII 
Ti02 0 0.08 0 0 0.15 0.12 0.21 OJ 0.28 0.12 0.09 0.18 0.08 0.1 0.11 
A1203 28.59 28.46 26.98 27.42 24.52 25.11 25.78 23.96 25.93 25.16 28.79 23.71 26.7 31.64 53.56 
Cr203 40.71 41.21 41.77 41.41 41.99 42.12 39.78 4L13 39.2 44.97 40.9 41.86 38.21 32.16 7.02 
FeO 16.51 16.42 17.93 18.19 21.24 19.96 22.53 23.71 22.47 16.84 16.55 23.75 23.36 24.11 25.05 
MnO 0 0 0 0 0 0 0 0 0 0 0 0.12 0.17 0.25 0.16 
MgO 14.14 13.83 13.32 12.98 12.04 12.69 11.71 10.81 12.12 12.87 13.67 10.38 11.35 11.72 13.84 
Cao 0.06 0 0 0 0.06 0 0 0.1 0 0.05 0 0 0.05 0 0.14 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.05 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100 100 JOO 100 100 100 100 100 100 100 100 100 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0.001 0.002 
Al 1.003 LOOI 0.957 0.973 0.885 0.901 0.927 0.873 0.93 0.902 1.012 0.871 0.962 LI 16 1.717 
Fe2+ 0.411 0.410 0.451 0.458 0.544 0.508 0.575 0.613 0.572 0.428 0.413 0.609 0.586 0.591 0.556 
Mg 0.627 0.615 0.598 0.583 0.55 0.576 0.533 0.499 0.549 0.584 0.608 0.482 0.517 0.523 0.561 
Ca 0.002 0 0 0 0.002 0 0 0.003 0 0.002 0 0 0.002 0 0.004 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0.002 0 0 0.003 0.003 0.005 0.007 0.006 0.003 0.002 0.004 0.002 0.002 0.002 
Mn 0 0 0 0 0 0 0 0 0 0 0 0.003 0.004 0.006 0.004 
Cr 0.958 0.972 0.994 0.986 1.016 1.013 0.96 1.005 0.943 1.082 0.965 1.031 0.924 0.761 0.151 
Sum 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
100Mg/(Mg+Fe2+) 62.8 61.4 59.8 58.3 54.9 57.4 53 49.7 54.6 58.3 60.7 48.2 51.8 52.5 56.6 
100Fe3+/(Cr+Al+Fe3+) 2 1.2 2.5 2 4.6 4.1 5.2 5.4 5.8 0.6 0.9 4.5 5.3 5.9 6.3 
Cr/( Cr+ Al) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.1 
( Spine! analyses continued, occur as inclusions in pyroxenes) 
Analyses I 2 3 4 5 6 7 8 9 10 11 12 
Sample MC16 MC8 MC8 MC8 MC8 MC7 MC7 LC12a LC lOa Mu9761 Mu9761 Mu976 
Ti02 0.12 0.14 0.22 0.22 0.14 0.2 0.22 0.43 0.3 0.4 0.42 OJ I 
Al203 30.62 24.57 23.85 23.47 25.24 25.13 26.17 21.23 30.67 27.6 28.13 29.64 
Cr203 38.57 41.72 42.39 43.09 41.02 39.46 39.48 43.4 35.38 36.32 35.47 34.46 
Fe203 1.73 3.78 4.26 4.1 4.15 5 4.48 4.77 2.95 4.89 5.16 5.26 
FeO 13.83 18.05 16.63 16.29 16.85 19.04 17.03 19.09 18.56 19.65 19.54 17.83 
MnO 0 0 0 0 0 0 0 0.59 0 0 0 0 
MgO 15.13 11.74 12.57 12.77 12.56 I 1.18 12.55 10.5 12.14 11.15 11.29 12.45 
Cao 0 0 0.08 0.07 0.05 0 0.08 0 0 0 0 0.06 
Total 100 100 100 100 100 100 100 100 100 100 100 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 
Al 1.06 0.891 0.863 0.849 0.908 0.913 0.938 0.787 1.083 0.993 1.009 1.049 
Fe3+ 0.038 0.088 0.099 0.095 0.095 0.116 0.102 0.113 0.067 0.112 0.118 0.119 
Fe2+ 0.34 0.465 0.427 0.418 0.43 0.491 0.433 0.502 0.465 0.502 0.497 0.448 
Mg 0.663 0.539 0.576 0.585 0.572 0.514 0.569 0.492 0.542 0.507 0.512 0.557 
Ca 0 0 0.003 0.002 0.002 0 0.003 0 0 0 0 0.002 
Ti 0.003 0.003 0.005 0.005 0.003 0.005 0.005 O.oJ 0.007 0.009 0.01 0.007 
Mn 0 0 0 0 0 0 0 0.016 0 0 0 0 
Cr 0.896 1.015 1.029 1.046 0.99 0.962 0.95 1.079 0.838 0.877 0.854 0.818 
SUM 3 3 3 3 3 3 3 3 3 3 3 3 
Mg# 66.1 53.7 57.4 58.3 57.1 51.1 56.8 49.5 53.8 50.3 50.7 55.4 
100Fe3+/(Cr+Al+Fe3+) 1.9 4.4 4.9 4.8 4.8 5.8 5.1 5.7 3.3 5.7 6 6 
Cr/( Cr+ Al) 0.5 0.5 0.5 0.6 0.5 0.5 0.5 0.6 0.4 0.5 0.5 0.4 
(Analyses of spine! inclusions in pyroxenes continued) 
Analyses 17 18 19 20 21 22 23 
Sample Mu976b Mu976b Mu977core Mu977rrim La972b La972b La972b 
Ti02 0.32 0.2 0.22 0.21 0.19 0 0.15 
Al203 27.25 30.57 24 26.28 28.59 28.81 28.93 
Cr203 38.06 34.24 40.67 38.45 38.2 37.99 37.72 
Fe203 4.26 4.65 5.37 5.07 2.86 3.97 3.86 
FeO 17.8 17.68 19.17 19.2 18.41 16.3 16.24 
MnO 0 0 0 0 0 0 0 
MgO 12.22 12.52 11.04 11.3 11.96 13.27 13.37 
XVIII 
Cao 0.09 0.14 0.07 0 0.07 0.07 0.12 
Total 100 100 100.54 100.51 100.29 100.4 100.39 
Oxygens 4 4 4 4 4 4 4 
Al 0.975 l.077 0.873 0.946 1.016 1.014 1.017 
Fe3 0.097 0.105 0.125 0.117 0.065 0.089 0.087 
Fe2 0.452 0.442 0.495 0.49 0.464 0.407 0.405 
Mg 0.553 0.558 0.508 0.515 0.538 0.591 0.595 
Ca 0.003 0.004 0.002 0 0.002 0.002 0.004 
Ti 0.007 0.005 0.005 0.005 0.004 0 0.003 
Mn 0 0 0 0 0 0 0 
Cr 0.913 0.809 0.992 0.928 0.911 0.897 0.89 
Sum 3 3 3 3 3 3 3 
Mg# 55 55.8 50.7 51.2 53.7 59.2 59.5 
l00Fe3+/(Cr+Al+Fe3+) 4.9 5.3 6.3 5.9 3.3 4.5 4.4 
Cr/( Cr+ Al) 0.5 0.4 0.5 0.5 0.5 0.5 0.5 
12. Magnetite analyses 
Analyses l 2 3 4 5 6 7 
Sample LC3 LCl3 Mu977 LClOa LClOa LCIOc LCl2d 
Si02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti02 5.76 6.71 4.26 0.00 0.00 0.25 0.00 
Al203 5.31 4.62 11.14 0.36 0.00 0.00 0.00 
Cr203 13.20 13.59 11.04 4.26 0.00 0.00 0.00 
Fe203 43.66 44.45 40.57 54.90 61.48 63.69 67.38 
FeO 31.18 31.87 27.25 26.71 27.49 29.93 30.95 
MnO 0.25 0.32 0.32 0.00 0.00 0.00 0.00 
MgO 1.14 1.68 5.96 6.89 4.16 2.30 0.48 
Cao 0.21 0.11 0.06 0.00 0.14 0.56 0.00 
Na20 0.00 0.00 0.20 0.00 0.20 0.00 0.00 
Total 100.71 103.35 100.79 93.12 93.48 96.73 98.81 
Oxygens 3 3 3 3 3 3 3 
Si 0.000 0.000 0.079 0.211 0.135 0.089 0.024 
Al 0.229 0.194 0.436 0.015 0.000 0.000 0.000 
Fe3+ 1.074 1.064 0.917 1.443 1.744 1.808 1.952 
Fe2+ 1.080 1.077 0.853 0.842 0.867 0.944 0.996 
Mg 0.062 0.089 0.295 0.369 0.234 0.129 0.028 
Ca 0.008 0.004 0.002 0.000 0.006 0.023 0.000 
Na 0.000 0.000 0.013 0.000 0.015 0.000 0.000 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.158 0.180 0.106 0.000 0.000 0.007 0.000 
Mn 0.008 0.010 0.009 0.000 0.000 0.000 0.000 
Cr 0.381 0.383 0.290 0.121 0.000 0.000 0.000 
Total cations 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
100Ti/(Ti+Fe3+) 87.2 85.5 89.6 100.0 100.0 99.6 100.0 
l00Ti/(Ti+Fe2+) 12.8 14.3 11.1 0.0 0.0 0.7 0.0 
Fe2+/Fe3+ 1.0 1.0 0.9 0.6 0.5 0.5 0.5 
Chromite 0.192 0.192 0.150 0.065 0.000 0.000 0.000 
Hercynite 0.053 0.008 0.000 0.000 0.000 0.000 0.000 
Magnetite 0.534 0.530 0.514 0.927 1.000 0.993 1.000 
Spin el 0.062 0.090 0.305 0.397 0.247 0.134 0.028 
Ulvospinel 0.159 0.181 0.110 0.000 0.000 0.007 0.000 
13. Multiple orthopyroxene analyses m harzburg1tes above sole 
Analyses I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 
Sample 7534 7534 7534 7534 7534 7534 7535 7535 7535 7535 7535 7535 7535 7599 7599 7599 7463 7463 
Si02 57.97 57.77 58.26 58.52 58.21 57.96 58.24 58.04 58.38 58.42 58.51 59.93 58.2 58.28 58.55 58.32 58.37 58.51 
Ti02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Al203 0.8 0.74 0.72 0.69 0.75 0.8 0.71 0.77 0.42 0.3 0.73 0.63 0.84 0.33 0.17 0.33 0.46 0.54 
Cr203 0.39 0.36 0.34 0.41 0.54 0.39 0.37 0.44 0.15 0 0.31 0 0.55 0.36 0.23 0.36 0.32 0.35 
FeO 5 5.21 4.95 4.87 4.84 5 4.88 4.97 4.9 4.99 4.85 4.22 4.84 4.64 4.75 4.65 5.06 4.99 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
MgO 35.3 35.55 35.45 35.5 35.55 35.3 35.33 35.21 35.61 35.7 35.61 35.22 35.4 35.95 35.79 35.97 35.8 35.6 
Cao 0.54 0.35 0.29 0 0 0.55 0.48 0.57 0.54 0.58 0 0 0.58 0.44 0.5 0.3 0 0 
Na20 0 0 0 0 0.12 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
XIX 
Total 100 99.99 100.01 99.99 100 100 100.01 100.01 100.01 100 100 100 100.41 100 100 99.93 100.01 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.985 1.981 1.992 1.998 I. 99 1.985 1.992 1.987 1.996 1.998 1.997 2.031 1.98 1.992 2.001 1.99 1.995 1.999 
Al 0 032 0.03 0.029 0.028 0.03 0.032 0.029 0.031 0.017 0.012 0.029 0.025 0.03 0.013 0.007 0.01 0.019 0.022 
Fe2+ 0.143 0.149 0.141 0.139 0.138 0.143 0.14 0.142 0.14 0.143 0.138 0.12 0.14 0.133 0.136 0.13 0.145 0.143 
Mg 1.802 1.817 1.807 1.807 1.812 1.802 1.801 1.797 1.815 1.821 1.812 1.78 1.8 1.832 1.824 1.83 1.824 1.813 
Ca 0.02 0.013 0.011 0 0 0.02 0.017 0.021 0.02 0.021 0 0 0.02 0.016 0.018 0.01 0 0 
Na 0 0 0 0 0 008 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cr 0.011 0.01 0.009 0.011 0.014 0.011 0.01 0.012 0.004 0 0.008 0 0.02 0.01 0.006 0.01 0.009 0.009 
Total 3.993 4 3.989 3.983 3.992 3.994 3.989 3.991 3.993 3.995 3.984 3.956 3.991 3.996 3.992 3.994 3.991 3.986 
Mg# 92.6 92.4 92.7 92.9 92.9 93 92.8 92.7 92.8 92.7 92.9 93.7 93 93.2 93.1 93 92.7 92.7 
En 92 92 92 93 93 92 92 92 92 92 93 94 92 92 92 93 93 93 
Fs 7 8 7 7 7 7 7 7 7 7 7 6 7 7 7 7 7 7 
Wo I I I 0 0 I I 1 I I 0 0 I I I I 0 0 
(Orthopyroxene analyses continued) 
Analyses 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
Sample 7463 7463 7463 7463 7463 7463 Mu975 Mu975 Mu975 Mu975 Mu975 Mu975 Mu975 Mu975 Mu978 Mu978 Mu978 Mu978 
Si02 58.59 58.44 58.37 58.51 58.16 58.4 57.46 57.74 57.75 57.13 57.57 57.4 57.73 57.42 58.45 58.32 58.34 58.29 
Ti02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
A1203 0.58 0.64 0.45 0.45 0.4 0.54 0.89 0.87 0.75 I.I I 0.88 0.94 0.71 0.82 0.29 0.26 0.12 0.12 
Cr203 0.33 0.36 0.41 0.41 0.21 0.35 0.51 0.46 0.4 0.6 0.46 0.63 0.3 0.4 0.36 0.36 0.22 0.18 
FeO 4.78 4.78 4.77 4.78 5.12 4.98 5.09 4.9 5.12 5.11 5.07 5.04 5.16 5.34 5.41 5.4 5.37 5.47 
MnO 0 0 0 0 0 0 0 0 0 0.1 0 0.11 0 0 0 0 0 0 
MgO 35.72 35.78 35.75 35.84 35.8 35.5 35.36 35.3 35.73 35.2 35.46 35.11 35.53 35.2 35.16 35.27 35.47 35.6 
Cao 0 0 0.06 0 0.3 0.37 0.7 0.74 0.26 0.74 0.58 0.77 0.57 0.82 0.34 0.39 0.5 0.33 
Na20 0 0 0.17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 99.99 99.99 100 100.1 100.01 100 100 99.99 100 100 100 100 100 100 100.01 99.99 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.999 1.995 1.995 1.998 I. 991 1.99 1.972 1.979 1.979 1.964 1.974 1.971 1.98 1.973 2.002 1.999 2 1.998 
Al 0.023 0.026 0.018 0.018 0.016 0.02 0.036 0.035 0.03 0.045 0.035 0.038 0.029 0.033 0.012 0.01 0.005 0.005 
Fe2+ 0 136 0.136 0.136 0.136 0.147 0.14 0.146 0.14 0.147 0.147 0.145 0.145 0.148 0.153 0.155 0.155 0.154 0.157 
Mg 1.817 1.821 1.822 1.824 1.827 1.81 1.809 1.804 1.825 1.803 1.813 1.798 1.816 1.803 1.796 1.803 1.812 1.82 
Ca 0 0 0.002 0 0.011 0.01 0.026 0.027 0.01 0.027 0.021 0.028 0.021 0.03 0.012 0.014 0.018 0.012 
Na 0 0 0.012 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0.003 0 0.003 0 0 0 0 0 0 
Cr 0.009 0.01 0.011 0.011 0.006 0.01 0.014 0.012 0.011 0.016 0.012 0.017 0.008 0.011 0.01 0.01 0.006 0.005 
Total 3.985 3.988 3.996 3.988 3.998 3.99 4.003 3.997 4.001 4.006 4.002 4.001 4.002 4.005 3.987 3.991 3.995 3.997 
Mg# 93 93 93 93 92.6 93 92.5 92.8 92.6 92.5 92.6 92.5 92.5 92.2 92.1 92.1 92.2 92.1 
En 93 93 93 93 92 92 91 92 92 91 92 91 91 91 91 91 91 92 
Fs 7 7 7 7 7 7 7 7 7 7 7 7 7 8 8 8 8 8 
Wo 0 0 0 0 I I I I 0 I I I I 2 I 1 I I 
(Orthopyroxene analyses continued) 
Analyses 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 
Sample Mu978 Mu978 Mu978 Mu978 Mu978 Mu978 Mu978 Mu978 Mu978 Mu978 La977 La977 La977 La977 La977 La977 M6 M6 
Si02 58.51 58.33 58.28 58.6 58.42 57.29 58.72 55.06 58.52 55.66 57.46 57.67 57.37 57.45 57.27 57.54 57.68 57.74 
Ti02 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Al203 0.16 0.23 0.28 0.21 0.21 0.11 0.1 0.16 0 0.1 0.83 0.5 0.93 0.78 0.82 0.73 0.73 0.72 
Cr203 0.24 0.34 0.42 0 36 0.34 0.28 0.18 0.19 0.24 0.22 0.49 0.3 0.56 0.53 0.46 0.47 0.49 0.44 
FeO 5.44 5.33 5.36 5.29 5.22 5.86 5.21 6.09 5.2 5.91 5.24 5.51 5.26 5.29 5.33 5.25 5.07 5.2 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0 0 
MgO 35.21 35.39 35.27 35.2 35.46 36.1 35.36 38.16 35.72 37.78 35.16 35.61 35.48 35.19 35.12 35.21 35.41 35.37 
Cao 0.43 0.4 0.4 0.34 0.35 0.36 0.46 0.36 0.31 0.33 0.83 0.42 0.4 0.76 0.9 0.81 0.62 0.54 
Na20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 100 100 100 100 100.01 100 99.99 100 100 100 100 100 100 100 100 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 2.005 1.999 1.998 2.006 2 1.973 2.009 1.91 2.003 1.926 1.974 1.98 1.97 1.974 1.97 1.976 1.978 1.981 
Al 0.006 0.009 0.011 0.009 0.009 0.005 0.004 0.006 0 0.004 0.034 0.02 0.037 0.032 0.033 0.029 0.03 0.029 
xx 
Fe2+ O.J56 O.J53 0.154 O.J51 0.149 0.169 0.149 O.J77 0.149 0.171 O.J51 0.15S 0.151 0.152 0.153 0.151 0.145 0.149 
Mg 1.799 I.SOS l.S02 1.797 l.S l l.S53 l.S03 1.973 l.S23 1.949 I.SOI l.S23 1.Sl6 l.S03 I.SOI l.S03 l.S l l l.S09 
Ca 0.016 O.OJ5 0.015 0.013 0.013 0.013 0.0J7 0.013 0.01 J 0.012 0.031 O.OJ5 O.Dl5 0.02S 0.033 0.03 0.023 0.02 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.003 0 0 0 
Cr 0.007 0.009 0.011 0.01 0.009 0.00S 0.005 0.005 0.006 0.006 0.013 O.OOS 0.Dl5 0.014 0.013 O.OJ3 0.013 O.OJ2 
Total 3.9SS 3.992 3.991 3.9S5 3.991 4.021 3.9S7 4.0S4 3.993 4.069 4.003 4.005 4.004 4.003 4.007 4.003 4 3.999 
Mg# 92 92.2 92.2 92.2 92.4 91.7 92.4 91.S 92.4 91.9 92.3 92 92.3 92.2 92.2 92.3 92.6 92.4 
En 91 92 91 92 92 91 92 91 92 91 91 91 92 91 91 9J 9J 91 
Fs s s s s s s s s s s s s s s s s 7 s 
Wo 2 2 2 
(Orthopyroxene analyses continued) 
Analyses 55 56 57 5S 59 60 61 62 63 64 65 66 67 
Sample MS MS M7 M7 M7 M7 M7 M2 La97Sa La97Sa 7959 7959 7959 
Si02 5S.15 5S.l l 57.42 57.5 57.S9 57.S 57.49 5S.25 59.6 59.6S 5S.06 57.64 57.97 
Ti02 0 0 0 0 0 0 0 0 0 0 0 0 0 
Al203 0.26 0.35 0.74 0.62 0.49 0.66 0.72 OJS 0.51 0.29 O.S O.S3 O.S3 
Cr203 0.2S 0.17 0.56 0.45 0.29 0.5J 0.54 0.3 0.5 0.45 0.4J 0.32 0.46 
FeO 5.31 5.46 5.53 5.43 5.55 5.35 5.4S 5.03 4.6 4.76 4.97 5.51 5.14 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 
MgO 35.53 35.35 35.17 35.33 35.09 35.09 35.2 35.7J 34.23 34.IS 35.11 35.J2 34.92 
Cao 0.46 0.57 0.6 0.6S 0.69 0.6 0.59 0.32 0.34 0.3S 0.64 0.57 0.69 
Na20 0 0 0 0 0 0 0 0 0.21 0.27 0 0 0 
K20 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total JOO 100 100.01 100 100 100 100 99.99 JOO JOO 99.99 99.99 100 
Oxygens 6 6 6 6 6 6 6 6 6 6 6 6 6 
Si 1.994 1.993 1.974 1.976 l.9SS l.9S4 1.976 1.994 2.03 2.035 l.9SS l.9S l.9S7 
Al 0.011 0.014 0.03 0.025 0.02 0.027 0.029 0.015 0.02J 0.012 0.032 0.034 0.034 
Fe2+ 0.152 0.157 0.159 0.156 0.16 0.153 0.157 0.144 0.131 0.136 0.142 0.15S 0.147 
Mg l.S 16 I.SOS l.S03 l.S l 1.797 1.796 l.S04 l.S22 l.73S 1.737 1.793 l.79S 1.784 
Ca 0.017 0.021 0.022 0.025 0.025 0.022 0.022 0.012 0.012 0.014 0.023 0.021 0.025 
Na 0 0 0 0 0 0 0 0 0 0 0 0 0 
K 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cr O.OOS 0.005 0.015 0.012 0.00S 0.014 0.015 O.OOS O.OJ4 0.012 0.011 0.009 O.OJ2 
Total 3.997 3.997 4.003 4.005 3.99S 3.996 4.002 3.995 3.946 3.946 3.99 3.999 3.99 
Mg# 92.3 92 91.9 92. l 91.S 92.J 92 92.7 93 92.S 92.6 91.9 92.4 
En 9J 91 91 91 91 91 91 92 92.4 92.J 92 91 91 
Fs s s s s s s s 7 7 7.2 7 s s 
Wo I I I I I I I I 0.7 0.7 I J J 
14. Multiple Olivine analyses in harzburgite 
Analyses I 2 3 4 5 6 7 s 9 10 II 12 
Sample M6 core M6 rim M7 core M7rim MS core MS rim Mu975 Mu975 rim Mu97S rim Mu97S c< La977 rin La977 co 
core 
Si02 41.29 41.23 41.05 41.14 41.35 41.26 41.33 41.45 41.7 41.52 41.16 41.02 
Cr203 0 0 0 0 0 0 0 0 0 0 0 0 
FeO S.27 S.11 S.69 S.2S S.03 7.96 7.74 7.64 7.71 S.IS S.2J S.3 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 
MgO 50.44 50.62 50.23 50.59 50.59 50.7S 50.94 50.SS 50.55 50.31 50.62 50.65 
Cao 0 0 0 0 0 0 0 0 0 0 0 0 
Total 99.99 99.95 99.96 100 99.97 JOO J00.02 99.9S 99.97 100 99.99 99.97 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 
Si 1.003 1.001 I J J.003 l.OOJ l.OOJ 1.004 1.0 J 1.007 J 0.99S 
Fe2+ O.J6S O. J65 O.J77 O.J6S O.J63 0.162 O. J57 O.J55 O.J56 0.166 O.J67 O.J69 
Mg l.S26 l.S33 l.S24 l.S33 l.S3 l.S37 l.S4 l.S37 l.S24 l.SJ9 l.S34 l.S36 
Ca 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 
Cr 0 0 0 0 0 0 0 0 0 0 0 0 
Total 2.997 2.999 3 3 2.997 2.999 2.999 2.996 2.99 2.993 3 3.002 
Mg# 91.6 91.S 91.2 91.6 91.S 91.9 92.J 92.2 92.J 91.6 91.7 91.6 
XXI 
(Olivine analyses continued) 
Analyses 13 14 15 16 17 18 19 20 21 22 23 24 25 
Sample La978acc La978a La978aincl 7534 rim 7534 core 7535 rim 7535 core 7599 rim 7599 core 7463 rim 7463 core 7959 rim 7959 core 
incl 
Si02 42.64 43.18 43.38 41.74 41.67 41.8 41.45 41.63 41.74 41.56 40.61 41.81 41.69 
Cr203 0 0 0.7 0 0 0 0 0 0 0 0 0 0 
FeO 7.91 6.17 5.86 7.07 7.46 7.36 7.56 7.43 7.47 7.38 7.58 8.12 7.92 
MnO 0 0 0 0 0 0 0 0 0 0 0 0 0 
MgO 49.45 50.65 50.02 51.2 50.88 50.85 50.97 50.94 50.79 51.07 49.3 50.57 50.18 
Cao 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 100 100 99.96 100 100 100 99.99 100 100 100 97.49 100.5 99.8 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 4 
Si l.03 1.034 1.039 l.007 l.007 1.006 1.003 l.007 1.009 1.001 1.009 l.009 1.012 
Fe2+ 0.16 0.123 0.117 0.143 0.151 0.148 0.153 0.15 0.151 0.149 0.157 0.164 0.161 
Mg 1.781 1.808 1.785 l.842 1.833 1.825 1.84 1.836 1.831 1.834 1.825 1.819 1.816 
Ca 0 0 0 0 0 0 0 0 0 0 0 0 0 
Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 2.97 2.966 2.955 2.993 2.991 2.979 2.997 2.993 2.991 2.985 2.991 2.991 2.988 
Mg# 91.8 93.6 93.8 92.8 92.4 92.5 92.3 92.4 92.4 92.5 92.l 91.7 91.9 
15. Spine! analyses 
Analyses 1 2 3 4 5 6 7 8 9 10 11 12 
Sample Mu978 cc Mu978 ri 7535 core 7535 rim 7534core 7534 rim 7599 core 7599 rim 7463 core 7463 rim 7959 core 7959 rim 
Ti02 0 0.09 0 0.08 0 0 0.08 0 0 0 0 0 
Al203 9.01 9.23 15.07 16.08 16.74 16.82 7.11 7.73 12.55 12.8 15.65 15.29 
Cr203 62.89 62.84 56.71 54.55 55.38 54.93 65.33 64.5 60.29 60.29 56.41 56.75 
FeO 16.97 17.01 16.03 17.80 16.5 16.56 16.79 16.99 15.11 15.12 16.49 16.44 
MnO 0 0 0.24 0.26 0.29 0.24 0.42 0.29 0.3 0 0 0.28 
MgO 11.13 10.83 11.61 10.68 11.09 11.43 10.27 10.49 11.76 11.79 11.45 11.24 
Cao 0 0 0.35 0.56 0 0 0 0 0 0 0 0 
Total 100 100 100 100 100 99.99 100 100 100 100 100 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 
Al 0.35 0.359 0.567 0.607 0.629 0.629 0.281 0.303 0.478 0.487 0.59 0.578 
Fe2+ 0.467 0.469 0.428 0.476 0.44 0.439 0.469 0.473 0.408 0.408 0.441 0.44 
Mg 0.547 0.533 0.554 0.509 0.527 0.54 0.512 0.521 0.566 0.567 0.545 0.537 
Ca 0 0 0.012 0.02 0 0 0 0 0 0 0 0 
Ti 0 0.002 0 0.002 0 0 0.002 0 0 0 0 0 
Mn 0 0 0.007 0.008 0.008 0.007 0.012 0.008 0.008 0 0 0.008 
Cr l.638 1.638 1.433 1.381 1.396 1.376 1.726 l.696 l.54 1.538 1.425 1.438 
Sum 3.002 3 3 3.002 2.999 3.001 3.001 3 3 3 3.001 3 
l 00Mg/(Mg+Fe2+) 0.8 0.8 0.7 0.7 0.7 0.7 0.9 0.8 0.8 0.8 0.7 0.7 
(Spine! analyses continued) 
Analyses 13 14 15 16 17 18 19 20 21 22 23 24 
Sample Mu975 cc Mu975 ri La977 core La977 rin M6 core M6 rim M8 core M8rim M7 core M7rim La978a c• La978a c 
Ti02 0.08 0 0 0.12 0.14 0.09 0 0.11 0 0 0 0 
Al203 16.85 17.04 14.54 15.32 14.04 15.01 10.8 9.35 13.37 13.51 8.42 8.57 
Cr203 54 08 53.84 56.27 55.08 57.28 56.59 60 83 61.99 57.43 57.3 63.99 63.67 
FeO 17.15 17.46 18.12 18.01 16.49 16.35 17.89 18.28 17.91 18.58 18.57 18.54 
MnO 0 0 0 0 0 0 0 0.26 0.19 0 0 0 
MgO l l.84 l l.66 l l.02 11.39 l l.98 11.97 10.48 10.04 11.1 10.6 9.02 9.22 
CaO 0 0 0.06 0.07 0.08 0 0 0 0 0 0 0 
Total 100 100 100 100 100 100 100 100.01 100 99.99 100 100 
Oxygens 4 4 4 4 4 4 4 4 4 4 4 4 
Al 0.629 0.637 0.551 0.578 0.53 0.565 0.418 0.365 0.509 0.516 0.333 0.338 
Fe2+ 0.454 0.463 0.487 0.480 0.441 0.437 0.491 0.506 0.483 0.503 0.521 0.518 
Mg 0.56 0.551 0.529 0.544 0.572 0.57 0.513 0.496 0.536 0.512 0.451 0.46 
Ca 0 0 0.002 0.002 0.003 0 0 0 0 0 0 0 
Ti 0.002 0 0 0.003 0.003 0.002 0 0.003 0 0 0 0 
Mn 0 0 0 0 0 0 0 0.008 0.005 0 0 0 
Cr 1.356 l.35 l.432 l.394 l.449 1.428 l.579 1.624 l.469 1.469 1.696 1.684 
XXII 
Sum 3.001 3 3 2.996 3.002 3.001 3.001 2.999 
100Mg/(Mg+Fe2+) 55.9 55.1 53 54.4 56.9 56.8 51J 49.8 53.8 51.2 46.4 47 
Cr/( Cr+ Al) 0.7 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.7 0.7 0.8 0.8 
16. Multiple spine! and magnetite analyses in granulite 
Analyses 1 2 3 4 Analyse: 1 2 3 
_.,._._. --
Sample TLa973 TLa973 TLa973 TLa973 Sample 7589 7589 7589 
Ti02 0.61 0.67 0.65 0.61 Si02 0.09 0.14 0.5 
Al203 36.79 36.39 38.69 38.85 Ti02 2.41 2.48 0.45 
V203 0 0 0 0 Al203 2.55 2.27 0.24 
Cr203 18.44 18.36 18.96 18.05 Cr203 6.37 6.68 2.39 
Fe203 9.94 l l.4 8.13 8.36 Fe203 55.25 54.00 64.1 
FeO 26.56 25.19 24.9 25.6 FeO 33.39 32.73 31.7 
MnO 0 0 0 0 MnO 0.21 0.32 0.11 
NiO 0.00 0.00 0.00 0.00 MgO 0.3 0.4 0.14 
MgO 7.6 7.6 8.28 8.45 Cao 0.06 0.06 0.06 
Cao 0.06 0.09 0.2 0.08 Na20 0 0 0 
Na20 0 0.31 0.2 0 Total 100.6 99.08 99.69 
Total 100 100 100.0l 100 oxygens 
Al 1.308 l.292 l.355 l.362 Si 0.003 0.005 0.019 
Fe3+ 0.226 0.259 0.182 0.187 Al 0.113 0.102 0.011 
Fe2+ 0.67 0.635 0.619 0.637 Cr 0.189 0.201 0.073 
Mg 0.342 0.341 0.367 0.374 Fe3+ 1.556 1.545 1.852 
Ca 0.002 0.003 0.006 0.003 Ti 0.068 0.071 0.013 
Na 0 0.018 0.011 0 Mg 0.017 0.023 0.008 
Ti 0.014 0.015 0.015 0.014 Fe2+ 1.045 1.041 1.018 
Mn 0 0 0 0 Mn 0.007 0.01 0.004 
v 0 0 0 0 Ca 0.002 0.002 0.002 
Cr 0.44 0.437 0.445 0.424 SUM 3.000 3.000 2.996 
Ni 3 3 3 3 SUM 3.000 3.000 2.996 
Total 3.000 3.000 3.000 3.000 Mg/(Mg 0.006 0.009 0.003 
Mg# 33.8 35 37.2 37 Mg/(Mg0.016 0.022 0.008 
Cr# 30 30 20 20 
17. Multiple plagioclase analyses in hornblende gabbro 
Analyses l 2 3 4 5 6 7 8 
Sample LC7 LC7 La971Al La971A2 La971AJ La971AS La971AS La971A6 
Si02 44.23 44.78 45.88 45.67 44.78 45.7 45.93 45.26 
Ti02 0 0 0 0 0 0 0 0 
Al203 34.26 33.7 33.97 34.16 34.41 34.08 33.85 34.21 
Cr203 0 0.07 0 0 0 0 0 0 
FeO 0.34 0.24 0.2 0.17 0.56 0.26 0.23 0.17 
MnO 0 0 0 0 0 0 0 0 
MgO 0 0 0 0 0 0 0 0 
Cao 19.09 18.68 18.76 18.97 19.51 18.8 18.5 19.13 
Na20 0.77 0.99 1.18 l.03 0.74 1.12 l.34 1.15 
K20 0 0.04 0 0 0 0.04 0.08 0.07 
Total 98.34 98.28 100 100 100 100 99.93 100 
Oxygens 32 32 32 32 32 32 32 32 
Si 8.278 8.391 8.409 8.358 8.242 8.381 8.422 8.315 
XX III 
Al 7.556 7.441 7.461 7.489 7.589 7.49 7.438 7.532 
Fe2+ 0.052 0.036 0.032 0.027 0.087 0.041 0.036 0.027 
Mg 0 0 0 0 0 0 0 0 
Ca 3.83 3.752 3.746 3.781 3.912 3.755 3.695 3.829 
Na 0.279 0.359 0.425 0.371 0.269 0.406 0.486 0.418 
K 0 0.008 0 0 0 0.01 0.019 0.017 
Mn 0 0 0 0 0 0 0 0 
Cr 0 0.012 0 0 0 0 0 0 
SUM 19.996 20 20.073 20.027 20.098 20.082 20.096 20.137 
Ab 6.8 8.7 10.2 9 6.5 9.8 11.6 9.8 
An 93.2 91.l 89.8 91 93.5 90 88 89.8 
Or 0 0.2 0 0 0 0.3 0.5 0.4 
XXIV 
APPENDIX 3. Pressure estimates for individual amphibole compositions 
Analysis 
Sample 7434 7495 7571 
4 






















































































































































































39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 
TLa972 TLa972 TLa972 TLa972 TLa972 TLa972 TLa972 TLa972 TLa972 TLa972 Tla972 TLa972 TLa972 TLa972 Tla972 Tla972 Tla972 TLa972 TLa972 TLa973 TLa973 TLa973 


























































































































Analysts 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 
Sample TLa973 TI.a973 TLa973 TI.a973 TLa973 TI.a973 TI,a973 TI,a973 TLa973 TLa973 TI,a973 TI,a973 TI.a973 TI,a973 TI,a97la TI,a97la TI.a97la TI.a971a TLa97la TI.a971a TI,a97la TI.a971a TLa971a TLa97lb TLa97lb TI.a97lb TI,a971b TI.a971b TI.a97lb 11.a97lb 




























































































































91 92 93 94 95 96 97 98 99 100 IOI 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 
TLa97ld TI.a971d TLa971d TLa97ld TLa97ld TLa97Jd TLa97ld TLa97ld TI.a97ld TLa97ld TI.a97le TLa971c TLa97Je TI.a971e TI.a971e TI.a971e TI..a97le TLa97le TI.a971c TI.a97lc TI.a97le TI.a971e TLa97Je TLa971e TLa97lf 11.a97lf 11.a971f TI,a971f TLa97lf TLa97lf 














































































































































































































































































































































a Hammarstrom & Zen 1986; b Hollister et al. 1987; c Johnson & Rutherford 1989; d Schmidt 1992. 
APPENDIX 4. RELATED PUBLICATIONS AND CONFERENCE 
PRESENTATIONS 
1. Refereed Journal Publications 
Lus WY, McDougall I and Davies HL; 2003. Age of the metamorphic sole of the 
Papuan Ultramafic Belt ophiolite, Papua New Guinea (submitted to Tectonophysics 
Special Issue) 
2. Abstracts and conference presentations 
Lus W,Green, D H; McDougall, I, Davies and H L, Eggins, S., 2000. Papuan Ultramafic 
Belt (PUB) Ophiolite: Field Mapping, Petrology, Geochemistry, Geochronology, and 
Experimental Studies of the Metamorphic Sole; 2001. American Geophysical Union Fall 
Meeting,, December 10-14, 2001; San Francisco, California, Japan 
Lus W,Green, D H; McDougall, I, Davies and H L, Eggins, S., 2000. Metamorphic Sole of 
the Papuan Ultramafic Belt (PUB) Ophiolite: Field Mapping, Petrology, Geochemistry, 
Geochronology, and Experimental Studies; 2000 Western Pacific Geophysics Meeting, June 
27-30,2000;Tokyo,Japan 
D H Green, and W Y Lus., 2000. Phase relations and Magmatism in the Mantle Wedge 
Above Subduction Zones, Goldschmidt 2000 Conference, September 3-8, 2000. Journal of 
Conference Abstracts, Volume 5 (2), 454. 
Lus WY, McDougall I and Davies HL; 1998. Ar-Ar ages of the metamorphic aureole of 
the Papuan Ophiolite, southeastern Papua New Guinea. 13th AUSTRALIAN 
GEOLOGICAL CONVENTION, Townsville, July 1998. 
Davies HL and Lus WL, 1994. Papuan ophiolite-25 Years On (abstract). In EOS, 
TRANSACTIONS, AMERICAN GEOPHYSICAL UNION 1994 FALL MEETING, 
VOL.75. N0.44. p.709. 
Lus WY, McDougall I and Davies HL; 1996. K-Ar ages of the metamorphic aureole of the 
Papuan Ophiolite, southeastern Papua New Guinea. 13th AUSTRALIAN GEOLOGICAL 
CONVENTION, Canberra 19-23 February 1996. 
3. Awards 
American Geophysical Union 2001 Fall Meeting "Best Student Paper" Award 
1 
